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RECOMBINANT BACTERIUM AND
METHODS OF ANTIGEN AND NUCLEIC
ACID DELIVERY

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the priority of PCT Application
PCT/US2010/35630, filed May 20, 2010, which claims
priority to U.S. provisional application No. 61/180,620, filed
May 22, 2009, and U.S. provisional application No. 61/222,
306, filed Jul. 1, 2009, each of which is hereby incorporated
by reference in its entirety.

GOVERNMENTAL RIGHTS

This invention was made with government support under
NIH grant numbers RO1 AI065779 and RO1 AI056289. The
government has certain rights in the invention.

FIELD OF THE INVENTION

The present invention provides a recombinant bacterium
and methods of using the recombinant bacterium to deliver
an antigen or a nucleic acid encoding an antigen to induce
an immune response.

BACKGROUND OF THE INVENTION

Recombinant microorganisms have widespread utility
and importance. One use of these microorganisms is as live
vaccines to produce an immune response. When the recom-
binant microorganism is used as a vertebrate live vaccine,
certain considerations must be taken into account. To pro-
vide a benefit beyond that of a nonliving vaccine, the live
vaccine microorganism must attach to, invade, and survive
in lymphoid tissues of the vertebrate and expose these
immune effector sites to antigen for an extended period of
time. Through this continual stimulation, the vertebrate’s
immune system becomes more highly reactive to the antigen
than with a nonliving vaccine. Therefore, preferred live
vaccines are attenuated pathogens of the vertebrate, particu-
larly pathogens that colonize the gut-associated lymphoid
tissue (GALT), nasopharynx-associated lymphoid tissue
(NALT) or bronchial-associated lymphoid tissue (BALT).
An additional advantage of these attenuated pathogens over
nonliving vaccines is that these pathogens have elaborate
mechanisms to gain access to lymphoid tissues, and thus
efficient exposure to the vertebrate’s immune system can be
expected. In contrast, nonliving vaccines will only provide
an immune stimulus if the vaccine is passively exposed to
the immune system, or if host mechanisms bring the vaccine
to the immune system.

Appropriate attenuation and biocontainment of a live
recombinant vaccine is essential. Additionally, a live recom-
binant vaccine should be capable of delivering antigen to the
cytosol of a host cell, if necessary for the appropriate
immune response (i.e. cellular vs. humoral). Consequently,
there is a need in the art for a recombinant bacterium that
may be used as a live vaccine that is attenuated, capable of
biocontainment, capable of expressing and/or synthesizing
antigen, and capable of delivering antigen or a nucleic acid
encoding an antigen to a host cell.

SUMMARY OF THE INVENTION

One aspect of the present invention is a recombinant
bacterium. The bacterium is capable of increased invasion
into a host cell.
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Another aspect of the present invention is a recombinant
bacterium capable of reduced bacterium-induced host pro-
grammed cell death compared to a wild-type bacterium of
the same strain.

Yet another aspect of the present invention is a recombi-
nant bacterium capable of hyper-invasion, regulated escape
from a host endosomal compartment, regulated attenuation,
regulated lysis, and reduced bacterium-induced host pro-
grammed cell death.

Still another aspect of the present invention encompasses
a recombinant bacterium capable of regulated lysis within a
host cell and capable of delivering a DNA vaccine to the
cytosol of a host cell.

A further aspect of the invention encompasses a recom-
binant bacterium capable of regulated lysis within a host
cell. The bacterium also comprises a vector that comprises
a promoter for expression of a nucleic acid sequence encod-
ing an antigen in Salmonella and a promoter for expression
of'a nucleic acid sequence encoding an antigen in a host cell.

Still a further aspect of the invention encompasses a
recombinant bacterium capable of delivering antigen to a
host cell by a secretion system, regulated lysis, and a nucleic
acid vaccine vector.

An additional aspect of the invention encompasses a
nucleic acid vaccine vector, wherein the vector comprises a
DNA nuclear targeting sequence and is resistant to eukary-
otic nuclease attack.

Yet another additional aspect of the invention encom-
passes a vaccine comprising a recombinant bacterium
described herein.

Still another aspect of the invention encompasses a vac-
cine comprising a recombinant bacterium with the ability to
maintain multiple plasmids and deliver multiple antigens.

Some aspects encompasses a vaccine comprising a
recombinant bacterium capable of: hyper-invasion, regu-
lated escape from a host endosomal compartment, regulated
attenuation, regulated lysis, and reduced bacterium-induced
host programmed cell death.

Other aspects and iterations of the invention are described
more thoroughly below.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 depicts plasmid maps of (A) pYA4037, (B)
pYA4038, and (C) pYA3664. The 569 bp WHc-H7M2e-opt
fusion fragment flanked by Ncol and BamHI on either sides
is in control of the P, _-5S T1T2 promoter-terminator unit in
Asd+ vectors pYA4037 and pYA4038 and in control of
P22P,-5S T1T2 promoter-terminator unit in pYA3664 to
finally yield a ~20 kDa fusion protein.

FIG. 2 depicts graphs of the induction of 1gG to (A) M2e
peptide, (B) woodchuck hepatitis core and (C) purified
Salmonella Typhimurium LPS after oral immunization of
mice with recombinant attenuated Sa/monella expressing
WHc-M2e cores. Data presented here are representative data
of two independent experiments and are the geometric
mean=SE of 10 mice. ** P<0.01

FIG. 3 depicts graphs of the weight loss after challenge of
immunized mice with (A) 1x10° TCID,, of rtWSN M2 avian
virus, and (B) Mortality curve after challenge with 1x10*
TCID,, rWSN M2 avian virus. * P<0.05. Data presented
here are mean+SE of 10 mice.

FIG. 4 depicts an illustration of chromosomal deletion-
insertion mutations. (A) deletion of 2247 bp (relA-12 to
relA-2235) and inserted 2429 bp of araC Py, lacl. (B)
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deletion of 570 bp (hilA-13 to hilA-583) and inserted 94 bp
of artificial P,_,;,., (lacO was replaced by 28 bp random
sequence) promoter.

FIG. 5 depicts two graphs showing the (A) invasion (1 hr
post infection and (B) replication (18 hr post infenction) of
S. Byphimurium strains in the Int-407 cell line.

FIG. 6 depicts three graphs showing the colonization of
mice with S. Byphimurium strains at Day 6 post-inoculation
in the (A) Peyer’s patches, (B) spleen, and (C) liver.

FIG. 7 depicts an illustration of chromosomal deletion-
insertion mutations. The sifA promoter region (-1 to —198)
was deleted and the 1344 bp P, araC TT was inserted.

FIG. 8 depicts two graphs showing the proliferation of
splenic lymphocytes from immunized chicken to FEimeria
antigen EASZ-240. (A) pYA3650, (B) pYA3674.

FIG. 9 depicts an illustration of chromosomal deletion-
insertion mutations. (A) 2 kb TT araC Pg,,c2 fragment
inserted into the deletion of entire asd gene. (B) deletion of
41 bp from murA-12 to -53 and inserted 1344 bp Py ,-
paraC:: TT with ATG-murA.

FIG. 10 depicts an illustration of plasmid pYA3681. P:
promoter, TT:transcriptional terminator.

FIG. 11 depicts a diagram of a model illustrating the
regulatory interactions in the lysis system.

FIG. 12 depicts an illustration of plasmids (A) pYA3650
and (B) pYA3674 (pYA3650 specifying EASZ240-FLAG).

FIG. 13 depicts a diagram of DNA vaccine vector
PYA4545 (pYA3650 with DTS (I, II) and SV40 polyA).

FIG. 14 depicts two photographs showing the synthesis of
EGFP from pYA4545 harboring EGFP gene in the INT-407
and Vero cell lines. Transfection of 1 pg DNA, fluorescence
of GFP were visualized in the microscope 20 hours post-
transfections (ZEISS Axioskop 40, Objective 10x). (A)
PYA3650-EGFP in INT-407, (B) pYA3650-EGFP in Vero,
(C) pYA4545-EGFP in INT-407, (D) pYA4545-EGFP in
Vero.

FIG. 15 depicts four vaccine vectors specifying Eimeria
antigens. (A) pYA3681 specifying SO7 antigen, (B)
pYA4545 specifying SO7 antigen, (C) pYA4545 specitying
TA4 antigen, and (D) pYA4545 specifying EfMIC2 antigen.

FIG. 16 depicts graphs showing Induction of serum IgG
to rWSN at 5 weeks post oral immunization of mice. p<0.05
(A) A.BSG, B. %9354 (pYA4545), C. %9354 (pYA4859), D.
11214 (pYA4859) (AP14: P, areco hilA); (B) C. %9354
(pYA4859), E. %11212 (pYA4859)(AtlpA), F. 11213
(pYA4859)(Assel), G. x11215 (pYA4859)(AtlpA and
Assel); (C) C. 49354 (pYA4859), H. %11216 (pYA4859)
(AtlpA, AP, P, ameo hilA), 1. %11217 (pYA4859)
(AsseL, AP, P, . anco hilA), J. %11218 (pYA4859)
(AtlpA, Assel, AP,,;,,::P Arweo DilA).

FIG. 17 depicts graphs of (A) Weight loss and (B)
mortality curve after challenge of immunized mice with
1x10° TCID,, rWSN. %9354 (AasdA:TT araC Pg,,, c2
AP, . . TTaraC Py, murA AaraBAD AaraE Arel A A(gmd-
fcl) AendA AsifA); % 11214 (%9354 with AP, 5P, Ao
hilA).

FIG. 18 depicts graphs of (A) Weight loss and (B)
mortality curve after challenge of immunized mice with
1x10° TCIDs, rWSN. %9354 (AasdA::TT araC P, c2
AP,,....:TTaraC Py, , murA AaraBAD AaraE Arel A A(gmd-
fcl) AendA AsifA); 11212 (%9354 with AtlpA); 11213
(%9354 with Assel.); 11215 (%9354 with AtlpA and Assel).

FIG. 19 depicts graphs of (A) Weight loss and (B)
mortality curve after challenge of immunized mice with
1x10° TCID,, rWSN. %9354 (AasdA:TT araC Pg,,, c2
AP,,....:TTaraC Py, , murA AaraBAD AaraE Arel A A(gmd-
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P, araeo DLA); % 11217 (9354 with AsselL, APy, P, Aruco
hilA); 11218 (19354 with AtlpA, Asse, APhilA::P, ;..o
hilA).

FIG. 20 depicts a map of pYA4545 Env Gag (DNA
vaccine vector pYA4545 encoding the optimized HIV-1
Clade B env and gag).

FIG. 21 depicts plasmid maps of pYA3681 derivatives
(A) pYA4589, (B) pYA4595, (C) pYA4594, and (D)
pYA4763.

FIG. 22 depicts plasmid maps of pYA4545 derivatives
(A) pYAS5123, (B) pYAS124, and (C) pYAS5125.

FIG. 23 depicts an illustration of the strain family trees
(A) 11018 and (B) % 11021.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides a recombinant bacterium
that may be used to elicit an immune response from a host.
In particular, the bacterium may be used to elicit a cellular
immune response by delivering one or more heterologous
antigens to the cytosol of a host cell, or delivering a nucleic
acid(s) encoding one or more heterologous antigens to the
nucleus of a host cell for synthesis of the heterologous
antigen. Advantageously, the recombinant bacterium is
capable of delaying bacterium-induced host programmed
cell death to ensure delivery and/or synthesis of the heter-
ologous antigen. Generally speaking, the bacterium is
capable of invading a host cell better than a wild-type
bacterium of the same strain, but the bacterium is typically
avirulent and is capable of regulated lysis to confer biocon-
tainment. The invention also provides a vaccine comprising
a recombinant bacterium of the invention, and methods of
eliciting an immune response comprising administering a
recombinant bacterium of the invention to a host.

1. Recombinant Bacterium

A recombinant bacterium of the invention typically
belongs to the Enterobaceteriaceae. The Enterobacteria fam-
ily comprises species from the following genera: Alterococ-
cus, Aquamonas, Aranicola, Arsenophonus, Brenneria, Bud-
vicia, Buttiauxella, Candidatus Phlomobacter, Cedeceae,
Citrobacter, Edwardsiella, Enterobacter, Evwinia, Escheri-
chia, Ewingella, Hafnia, Klebsiella, Kluyvera, Leclercia,
Leminorella, Moellerella, Morganella, Obesumbacterium,
Pantoea, Pectobacterium, Photorhabdus, Plesiomonas,
Pragia, Proteus, Providencia, Rahnella, Raoultella, Salmo-
nella, Samsonia, Serratia, Shigella, Sodalis, Tatumella, Tra-
bulsiella, Wigglesworthia, Xenovhbdus, Yersinia, Yokenella.
In certain embodiments, the recombinant bacterium is typi-
cally a pathogenic species of the Enterobaceteriaceae. Due
to their clinical significance, Escherichia coli, Shigella,
Edwardsiella, Salmonella, Citrobacter, Klebsiella, Entero-
bacter, Serratia, Proteus, Morganella, Providencia and Yers-
inia are considered to be particularly useful. In other
embodiments, the recombinant bacterium may be a species
or strain commonly used for a vaccine.

Some embodiments of the instant invention comprise a
species or subspecies of the Sa/monella genera. For instance,
the recombinant bacterium may be a Salmonella enterica
serovar. In an exemplary embodiment, a bacterium of the
invention may be derived from S. Biphimurium, S. typhi, S.
paratyphi, S. gallinarum, S. enteritidis, S. choleraesius, S.
arizona, or S. dublin.

A recombinant bacterium of the invention derived from
Salmonella may be particularly suited to use as a vaccine.
Infection of a host with a Salmonella strain typically leads
to colonization of the gut-associated lymphoid tissue
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(GALT) or Peyer’s patches, which leads to the induction of
a generalized mucosal immune response to the recombinant
bacterium. Further penetration of the bacterium into the
mesenteric lymph nodes, liver and spleen may augment the
induction of systemic and cellular immune responses
directed against the bacterium. Thus the use of recombinant
Salmonella for oral immunization stimulates all three
branches of the immune system, which is particularly impor-
tant for immunizing against infectious disecase agents that
colonize on and/or invade through mucosal surfaces.

A bacterium of the invention may comprise one or more
mutations as detailed below. In particular, a bacterium may
comprise one or more mutations to increase invasiveness
(section (a) below), one or more mutations to allow endo-
somal escape (section (b) below), one or more mutations to
reduce bacterium-induced host programmed cell death (sec-
tion (c) below), one or more mutations to induce lysis of the
bacterium (section (d) below), one or more mutations to
express a nucleic acid encoding an antigen (section (e)
below), one or more mutations to attenuate the bacterium
(section (f) below), and/or one or more mutations to enhace
the performance of the bacterium as a vaccine (section (g)
below).

(a) Hyper-Invasiveness

A recombinant bacterium of the invention may also be
hyper-invasive. As used herein, “hyper-invasive” refers to a
bacterium that can invade a host cell more efficiently than a
wild-type bacterium of the same strain. Invasion may be
determined by methods known in the art, e.g. CFUs/g of
tissue. In some embodiments, a recombinant bacterium may
be capable of increased invasion of M cells. Generally
speaking, such a bacterium may comprise a mutation that
increases expression of hilA. For instance, the promoter of
hilA may be mutated to enable constitutive expression of
hilA. A non-limiting example may include a AP,,,,::P, ... -
hilA mutation, such as AP,,;,::P, a.cosss hilA. Such a
mutation replaces the wild-type hilA promoter with the P,,..
promoter that lacks the lacO operator sequence. This allows
constitutive expression of hilA, even when lacl is expressed.
Alternatively, deletion of the Irp nucleic acid sequence may
be used to increase hilA expression.

(b) Endosomal Escape

A recombinant bacterium of the invention may be capable
of escaping the endosomal compartment of the host cell.
Escape from the endosome typically facilitates transfer of a
nucleic acid vaccine vector to the nucleus for transcription.
Escape may also facilitate delivery of an antigen to the
cytosol of the host cell. A recombinant bacterium may
escape from the endosome immediately after invasion of the
host cell, or alternatively, may delay escape. Methods of
detecting escape from the endosomal compartment are well
known in the art, and may include microscopic analysis.

In one embodiment, a recombinant bacterium capable of
escaping the endosomal compartment comprises a mutation
that alters the functioning of SifA. For instance, sifA may be
mutated so that the function of the protein encoded by sifA
is altered. Non-limiting examples include a mutation that
deletes sifA (AsifA). Such a mutation allows escape from the
endosome upon host-cell invasion. Another example is a
AP .. TT araC Py, sifA mutation, which allows delayed
escape. Since arabinose is absent in host tissues the expres-
sion of the sifA gene ceases and no SifA protein is synthe-
sized such that the amount decreases with each round of
bacterial cell division thereby allowing escape from the
endosome. Similar delayed escape mutations may be con-
structed using other regulatable promoters, such as from the
xylose or rhamnose regulatory systems.
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In another embodiment, a recombinant bacterium capable
of escaping the endosomal compartment may comprise a
mutation that causes the expression of nucleic acid
sequences such as tlyC or pld from Rickettsiae prowazekii.
The expression may be regulated by an inducible promoter.
For instance, the bacterium may comprise an araC Py, ,, tlyC
or an araC Pz, pld mutation. In some embodiments, a
bacterium may comprise a sifA mutation and a mutation that
causes the expression of tlyC or pld.

(c) Reduced Bacterium-Induced Host Programmed Cell
Death

Programmed cell death of a host cell invaded by a
bacterium of the invention is likely to diminish the tran-
scription of a nucleic acid sequence comprising a nucleic
acid vaccine vector delivered by the bacterium. Conse-
quently, in some embodiments, a recombinant bacterium of
the invention may be capable of reducing bacterium-induced
host programmed cell death compared to a wild-type bac-
terium of the same strain. Non-limiting examples of bacte-
rium-induced host programmed cell death may include
apoptosis and pyroptosis. Methods of detecting and mea-
suring bacterium-induced host programmed cell death are
known in the art.

In one embodiment, a bacterium of the invention capable
of reducing bacterium-induced host programmed cell death
may comprise a mutation affecting the pathway inducing
apoptosis/pyroptosis. Non-limiting examples of such a
mutation may include mutations in a deubiquitinase nucleic
acid sequence, such as ssel., and/or mutations in a tempera-
ture-sensing protein nucleic acid sequence, such as tlpA. For
instance, a bacterium may comprise a Assel. mutation, a
AtlpA mutation, or both mutations. In another embodiment,
a bacterium may completely lack flagella.

(d) Lysis

In another embodiment, a recombinant bacterium of the
invention is capable of regulated lysis. Lysis of the bacte-
rium within the host cell may release a bolus of antigen, or
alternatively, may release a nucleic acid vaccine vector for
transcription by the host cell. Lysis also provides a means of
biocontainment. For additional biocontainment mecha-
nisms, see section (f) below.

In some embodiments, a recombinant bacterium capable
of regulated lysis may comprise a mutation in a required
constituent of the peptidoglycan layer of the bacterial cell
wall. For instance, the bacterium may comprise a mutation
in a nucleic acid sequence encoding a protein involved in
muramic acid synthesis, such as murA. It is not possible to
alter murA by deletion, however, because a AmurA mutation
is lethal and can not be isolated. This is because the missing
nutrient required for viability is a phosphorylated muramic
acid that cannot be exogenously supplied since enteric
bacteria cannot internalize it. Consequently, the murA
nucleic acid sequence may be altered to make expression of
murA dependent on a nutrient (e.g., arabinose) that can be
supplied during the growth of the bacterium. For example,
the alteration may comprise a AP, ,::TT araC Py ,,, murA
deletion-insertion mutation. During in vitro growth of the
bacterium, this type of mutation makes synthesis of
muramic acid dependent on the presence of arabinose in the
growth medium. During growth of the bacterium in a host,
however, arabinose is absent. Consequently, the bacterium is
non-viable and/or avirulent in a host unless the bacterium
further comprises at least one extrachromosomal vector
comprising a nucleic acid sequence, that when expressed,
substantially functions as murA. Recombinant bacteria with
a AP =TT araC Pg,,, murA deletion-insertion mutation

murd:
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nization of effector lymphoid tissues after oral vaccination
prior to cell death due to cell wall-less lysing.

Similarly, in various embodiments a recombinant bacte-
rium may comprise the araC P ,,, c2 cassette inserted into
the asdA nucleic acid sequence that encodes aspartate semi-
aldehyde dehydrogenase, a necessary enzyme for DAP
synthesis, a required component of the peptidoglycan layer
of the bacterial cell wall. The chromosomal asdA nucleic
acid sequence is typically inactivated to enable use of
plasmid vectors encoding the wild-type asdA nucleic acid
sequence in the balanced-lethal host-vector system. This
allows stable maintenance of plasmids in vivo in the absence
of any drug resistance attributes that are not permissible in
live bacterial vaccines.

In one embodiment, AasdA27::TT araC Pz, ¢2 has an
improved SD sequence and a codon optimized ¢2 nucleic
acid sequence. The C2 repressor synthesized in the presence
of arabinose is used to repress nucleic acid sequence expres-
sion from P22 P, and P, promoters. In another embodiment,
AasdA27::TT araC Pz, c2 has the 1104 base-pair asdA
nucleic acid sequence deleted (1 to 1104, but not including
the TAG stop codon) and the 1989 base-pair fragment
containing T4 ipllI TT araC Py, ,, c2 inserted. The c2 nucleic
acid sequence in AasdA27:'TT araC Pz, c2 has a SD
sequence that was optimized to TAAGGAGGT. It also has
an improved P, promoter such that the —10 sequence is
improved from TACTGT to TATAAT. Furthermore, it has a
codon optimized ¢2 nucleic acid sequence, in which the
second codon was modified from AAT to AAA.

In exemplary embodiments, the bacterium may comprise
a mutation in the murA nucleic acid sequence encoding the
first enzyme in muramic acid synthesis and the asdA nucleic
acid sequence essential for DAP synthesis. By way of
non-limiting example, these embodiments may comprise the
chromosomal deletion-insertion mutations AasdA19:TT
araC Pz, c2 or AasdA27::TT araC Py, c2 and AP,,,,, -
TT araC Py, murA or AP,,,,,.,,,::TT araC Pz, murA or
AP,,....>5s::TT araC Py, murA. This host-vector grows in
LB broth with 0.1% L-arabinose, but is unable to grow in or
on media devoid of arabinose since it undergoes cell wall-
less death by lysis.

Bacterium that comprise these mutations also comprise a
plasmid that contains a nucleic acid sequence that substitutes
for murA and asdA. This allows the bacterium to grow in
permissive environments, e.g. when arabinose is present.
For instance plasmid vector pYA3681 (FIG. 10) contains the
murA nucleic acid sequence (with altered start codon
sequences to decrease translation efficiency) under the con-
trol of an araC Pg,,, promoter. The second nucleic acid
sequence under the direction of this promoter is the asdA
nucleic acid sequence (with altered start codon sequences to
decrease translation efficiency). The P22 P, promoter is in
the anti-sense direction of both the asdA nucleic acid
sequence and the murA nucleic acid sequence. The P22 P,
is repressed by the C2 repressor made during growth of the
strain in media with arabinose (due to the AasdA::TT araC
Pg.p ©2 deletion-insertion). However C2 concentration
decreases due to cell division in vivo to cause P directed
synthesis of anti-sense mRNA to further block translation of
asdA and murA mRNA. The araC P, sequence is also not
from E. coli B/r as originally described but represents a
sequence derived from E. coli K-12 strain %289 with tighter
control and less leakiness in the absence of arabinose. In the
preferred embodiment, transcription terminators (TT) flank
all of the domains for controlled lysis, replication, and
expression so that expression in one domain does not affect
the activities of another domain. As a safety feature, the
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plasmid asdA nucleic acid sequence does not replace the
chromosomal asdA mutation since they have a deleted
sequence in common. Additionally, the . col/i murA nucleic
acid sequence was used in the plasmid instead of using the
Salmonella murA nucleic acid sequence. In addition to being
fully attenuated, this construction exhibits complete biologi-
cal containment. This property enhances vaccine safety and
minimizes the potential for vaccination of individuals not
intended for vaccination.

One of skill in the art will recognize that other nutrients
besides arabinose may be used in the above mutations. By
way of non-limiting example, xylose, mannose, and rham-
nose regulatory systems may also be used.

In some embodiments of the invention, the recombinant
bacterium may further comprise araBAD and araE muta-
tions to preclude breakdown and leakage of internalized
arabinose such that asdA and murA nucleic acid sequence
expression continues for a cell division or two after oral
immunization into an environment that is devoid of external
arabinose. Additionally, a bacterium may comprise a muta-
tion in a protein involved in GDP-fucose synthesis to
preclude formation of colonic acid. Non-limiting examples
of such a mutation include A(gmd-fcl). A bacterium may
also comprise a mutation like ArelA that uncouples cell
wall-less death from dependence on protein synthesis.

Lysis of the bacterium will typically release lipid A, an
endotoxin. So, a bacterium of the invention may comprise a
mutation that reduces the toxicity of lipid A. Non-limiting
examples may include a mutation that causes synthesis of
the mono-phosphoryl lipid A. This form of lipid A is
non-toxic, but still serves as an adjuvant agonist.

Alternatively, a recombinant bacterium of the invention
may comprise a lysis sytem disclosed in Kong et al., (2008)
PNAS 105:9361 or US Patent Publication No. 2006/
0140975, each of which is hereby incorporated by reference
in its entirety.

(e) Antigen Expression

A recombinant bacterium of the invention may express or
deliver one or more nucleic acids that encode one or more
antigens. For instance, in one embodiment, a recombinant
bacterium may be capable of the regulated expression of a
nucleic acid sequence encoding an antigen. In another
embodiment, a recombinant bacterium may comprise a
nucleic acid vaccine vector. In yet another embodiment, a
recombinant bacterium may comprise an eight unit viral
cassette. Each of the above embodiments is described in
more detail below. Other means of expressing or delivering
one or more nucleic acids that encode one or more antigens
are known in the art.

In one embodiment, the antigen is an Fimeria antigen. For
instance, non-limiting examples of Eimeria antigens may
include EASZ240, EAMZ7250, TA4, EtMIC2, or SO7. In
another embodiment, the antigen may be a viral antigen. For
example, the antigen may be an influenza antigen. Non-
limiting examples of influenza antigens may include M2e,
nucleoprotein (NP), hemagglutinin (HA), and neuramini-
dase (NA). Antigens may be fused to a protein to enhance
antigen processing within a host cell. For instance, an
antigen may be fused with SopE, SptP, woodchuck hepatitis
core antigen, or HBV core antigen. Additional examples of
antigens may be found in sections i., ii., and iii. below and
in the Examples.

Antigens of the invention may be delivered via a type 2
or a type 3 secretion system. For more details, see the
Examples.
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i. Regulated Expression

The present invention encompasses a recombinant bacte-
rium capable of the regulated expression of at least one
nucleic acid sequence encoding an antigen of interest. Gen-
erally speaking, such a bacterium comprises a chromoso-
mally integrated nucleic acid sequence encoding a repressor
and a vector. Each is discussed in more detail below.

A. Chromosomally Integrated Nucleic Acid Sequence
Encoding a Repressor

A recombinant bacterium of the invention that is capable
of the regulated expression of at least one nucleic acid
sequence encoding an antigen comprises, in part, at least one
chromosomally integrated nucleic acid sequence encoding a
repressor. Typically, the nucleic acid sequence encoding a
repressor is operably linked to a regulatable promoter. The
nucleic acid sequence encoding a repressor and/or the pro-
moter may be modified from the wild-type nucleic acid
sequence so as to optimize the expression level of the
nucleic acid sequence encoding the repressor.

Methods of chromosomally integrating a nucleic acid
sequence encoding a repressor operably-linked to a regulat-
able promoter are known in the art and detailed in the
examples. Generally speaking, the nucleic acid sequence
encoding a repressor should not be integrated into a locus
that disrupts colonization of the host by the recombinant
bacterium, or attenuates the bacterium. In one embodiment,
the nucleic acid sequence encoding a repressor may be
integrated into the relA nucleic acid sequence. In another
embodiment, the nucleic acid sequence encoding a repressor
may be integrated into the endA nucleic acid sequence.

In some embodiments, at least one nucleic acid sequence
encoding a repressor is chromosomally integrated. In other
embodiments, at least two, or at least three nucleic acid
sequences encoding repressors may be chromosomally inte-
grated into the recombinant bacterium. If there is more than
one nucleic acid sequence encoding a repressor, each nucleic
acid sequence encoding a repressor may be operably linked
to a regulatable promoter, such that each promoter is regu-
lated by the same compound or condition. Alternatively,
each nucleic acid sequence encoding a repressor may be
operably linked to a regulatable promoter, each of which is
regulated by a different compound or condition.

1. Repressor

As used herein, “repressor” refers to a biomolecule that
represses transcription from one or more promoters. Gen-
erally speaking, a suitable repressor of the invention is
synthesized in high enough quantities during the in vitro
growth of the bacterial strain to repress the transcription of
the nucleic acid sequence encoding an antigen of interest on
the vector, as detailed below, and not impede the in vitro
growth of the strain. Additionally, a suitable repressor will
generally be substantially stable, i.e. not subject to pro-
teolytic breakdown. Furthermore, a suitable repressor will
be diluted by about half at every cell division after expres-
sion of the repressor ceases, such as in a non-permissive
environment (e.g. an animal or human host).

The choice of a repressor depends, in part, on the species
of the recombinant bacterium used. For instance, the repres-
sor is usually not derived from the same species of bacteria
as the recombinant bacterium. For instance, the repressor
may be derived from E. col/i if the recombinant bacterium is
from the genus Salmonella. Alternatively, the repressor may
be from a bacteriophage.

Suitable repressors are known in the art, and may include,
for instance, Lacl of E. coli, C2 encoded by bacteriophage
P22, or C1 encoded by bacteriophage A. Other suitable
repressors may be repressors known to regulate the expres-
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sion of a regulatable nucleic acid sequence, such as nucleic
acid sequences involved in the uptake and utilization of
sugars. In one embodiment, the repressor is Lacl. In another
embodiment, the repressor is C2. In yet another embodi-
ment, the repressor is C1.

2. Regulatable Promoter

The chromosomally integrated nucleic acid sequence
encoding a repressor is operably linked to a regulatable
promoter. The term “promoter”, as used herein, may mean a
synthetic or naturally-derived molecule that is capable of
conferring, activating or enhancing expression of a nucleic
acid. A promoter may comprise one or more specific tran-
scriptional regulatory sequences to further enhance expres-
sion and/or to alter the spatial expression and/or temporal
expression of a nucleic acid. The term “operably linked,” as
used herein, means that expression of a nucleic acid
sequence is under the control of a promoter with which it is
spatially connected. A promoter may be positioned 5' (up-
stream) of the nucleic acid sequence under its control. The
distance between the promoter and a nucleic acid sequence
to be expressed may be approximately the same as the
distance between that promoter and the native nucleic acid
sequence it controls. As is known in the art, variation in this
distance may be accommodated without loss of promoter
function.

The regulated promoter used herein generally allows
transcription of the nucleic acid sequence encoding a repres-
sor while in a permissive environment (i.e. in vitro growth),
but ceases transcription of the nucleic acid sequence encod-
ing a repressor while in a non-permissive environment (i.e.
during growth of the bacterium in an animal or human host).
For instance, the promoter may be sensitive to a physical or
chemical difference between the permissive and non-per-
missive environment. Suitable examples of such regulatable
promoters are known in the art.

In some embodiments, the promoter may be responsive to
the level of arabinose in the environment. Generally speak-
ing, arabinose may be present during the in vitro growth of
a bacterium, while typically absent from host tissue. In one
embodiment, the promoter is derived from an araC-Pg,,,
system. The araC-P , , system is a tightly regulated expres-
sion system which has been shown to work as a strong
promoter induced by the addition of low levels of arabinose
(5). The araC-araBAD promoter is a bidirectional promoter
controlling expression of the araBAD nucleic acid
sequences in one direction, and the araC nucleic acid
sequence in the other direction. For convenience, the portion
of the araC-araBAD promoter that mediates expression of
the araBAD nucleic acid sequences, and which is controlled
by the araC nucleic acid sequence product, is referred to
herein as Py, ,,. For use as described herein, a cassette with
the araC nucleic acid sequence and the araC-araBAD pro-
moter may be used. This cassette is referred to herein as
araC-Pg .. The AraC protein is both a positive and negative
regulator of Pz, .. In the presence of arabinose, the AraC
protein is a positive regulatory element that allows expres-
sion from Pg,,. In the absence of arabinose, the AraC
protein represses expression from Py, ,,. This can lead to a
1,200-fold difference in the level of expression from Pz, .

Other enteric bacteria contain arabinose regulatory sys-
tems homologous to the araC-araBAD system from E. coli.
For example, there is homology at the amino acid sequence
level between the E. coli and the S. Typhimurium AraC
proteins, and less homology at the DNA level. However,
there is high specificity in the activity of the AraC proteins.
For example, the E. coli AraC protein activates only E. coli
Pg,p (in the presence of arabinose) and not S. Typhimurium
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Pz Thus, an arabinose regulated promoter may be used in
a recombinant bacterium that possesses a similar arabinose
operon, without substantial interference between the two, if
the promoter and the operon are derived from two different
species of bacteria.

Generally speaking, the concentration of arabinose nec-
essary to induce expression is typically less than about 2%.
In some embodiments, the concentration is less than about
1.5%, 1%, 0.5%, 0.2%, 0.1%, or 0.05%. In other embodi-
ments, the concentration is 0.05% or below, e.g. about
0.04%, 0.03%, 0.02%, or 0.01%. In an exemplary embodi-
ment, the concentration is about 0.05%.

In other embodiments, the promoter may be responsive to
the level of maltose in the environment. Generally speaking,
maltose may be present during the in vitro growth of a
bacterium, while typically absent from host tissue. The malT
nucleic acid sequence encodes MalT, a positive regulator of
four maltose-responsive promoters (Ppg, Prrg, Praas and
Py). The combination of malT and a mal promoter creates a
tightly regulated expression system that has been shown to
work as a strong promoter induced by the addition of
maltose (6). Unlike the araC-Pg,,, system, mall is
expressed from a promoter (P,) functionally unconnected to
the other mal promoters. P, is not regulated by MalT. The
malEFG-malKBM promoter is a bidirectional promoter con-
trolling expression of the malKBM nucleic acid sequences
in one direction, and the malEFG nucleic acid sequences in
the other direction. For convenience, the portion of the
malEFG-malK BM promoter that mediates expression of the
malKBM nucleic acid sequence, and which is controlled by
the malT nucleic acid sequence product, is referred to herein
as Prz,,, and the portion of the malEFG-malKBM promoter
that mediates expression of the malEFG nucleic acid
sequence, and that is controlled by the malT nucleic acid
sequence product, is referred to herein as P,... Full induc-
tion of Pz, requires the presence of the MalT binding sites
0f Pz For use in the vectors and systems described herein,
a cassette with the malT nucleic acid sequence and one of the
mal promoters may be used. This cassette is referred to
herein as mall-P, ;. In the presence of maltose, the MalT
protein is a positive regulatory element that allows expres-
sion from P, ;.

In still other embodiments, the promoter may be sensitive
to the level of rhamnose in the environment. Analogous to
the araC-Pz,,, system described above, the rhaRS-P,, 5
activator-promoter system is tightly regulated by rhamnose.
Expression from the rhamnose promoter (P, ) is induced to
high levels by the addition of rhamnose, which is common
in bacteria but rarely found in host tissues. The nucleic acid
sequences rhaBAD are organized in one operon that is
controlled by the P,z ,» promoter. This promoter is regu-
lated by two activators, RhaS and RhaR, and the correspond-
ing nucleic acid sequences belong to one transcription unit
that is located in the opposite direction of the rhaBAD
nucleic acid sequences. If L-rhamnose is available, RhaR
binds to the P, . promoter and activates the production of
RhaR and RhaS. RhaS together with L-rhamnose in turn
binds to the P, 5 ,,, and the P, - promoter and activates the
transcription of the structural nucleic acid sequences. Full
induction of rhaBAD transcription also requires binding of
the Crp-cAMP complex, which is a key regulator of catabo-
lite repression.

Although both L-arabinose and L-rhamnose act directly
as inducers for expression of regulons for their catabolism,
important differences exist in regard to the regulatory
mechanisms. L-Arabinose acts as an inducer with the acti-
vator AraC in the positive control of the arabinose regulon.
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However, the L-rhamnose regulon is subject to a regulatory
cascade; it is therefore subject to even tighter control than
the araC P, system. L-Rhamnose acts as an inducer with
the activator RhaR for synthesis of RhaS, which in turn acts
as an activator in the positive control of the rhamnose
regulon. In the present invention, rhamnose may be used to
interact with the RhaR protein and then the RhaS protein
may activate transcription of a nucleic acid sequence oper-
ably-linked to the P,, ., promoter. In some embodiments,
the rhaRS-P,,, 5 activator-promoter cassette from E. coli
K-12 strain may be inserted into vector pCR 2.1 to result in
plasmid pYAS5081.

In still other embodiments, the promoter may be sensitive
to the level of xylose in the environment. The xyIR-P,_,,
system is another well-established inducible activator-pro-
moter system. Xylose induces xylose-specific operons
(xylE, xylFGHR, and xylAB) regulated by XylR and the
cyclic AMP-Crp system. The XylR protein serves as a
positive regulator by binding to two distinct regions of the
xyl nucleic acid sequence promoters. As with the araC-Pg, ,,
system described above, the xylR-P_,,; and/or
XyIR-P, ;r regulatory systems may be used in the present
invention. In these embodiments, xyIR P, ,,; xylose inter-
acting with the XylR protein activates transcription of
nucleic acid sequences operably-linked to either of the two
P,,; promoters.

The nucleic acid sequences of the promoters detailed
herein are known in the art, and methods of operably-linking
them to a chromosomally integrated nucleic acid sequence
encoding a repressor are known in the art and detailed in the
examples.

3. Modification to Optimize Expression

A nucleic acid sequence encoding a repressor and regu-
latable promoter detailed above, for use in the present
invention, may be modified so as to optimize the expression
level of the nucleic acid sequence encoding the repressor.
The optimal level of expression of the nucleic acid sequence
encoding the repressor may be estimated, or may be deter-
mined by experimentation (see the Examples). Such a deter-
mination should take into consideration whether the repres-
sor acts as a monomer, dimer, trimer, tetramer, or higher
multiple, and should also take into consideration the copy
number of the vector encoding the antigen of interest, as
detailed below. In an exemplary embodiment, the level of
expression is optimized so that the repressor is synthesized
while in the permissive environment (i.e. in vitro growth) at
a level that substantially inhibits the expression of the
nucleic acid sequence encoding an antigen of interest, and is
substantially not synthesized in a non-permissive environ-
ment, thereby allowing expression of the nucleic acid
sequence encoding an antigen of interest.

As stated above, the level of expression may be optimized
by modifying the nucleic acid sequence encoding the repres-
sor and/or promoter. As used herein, “modity” refers to an
alteration of the nucleic acid sequence of the repressor
and/or promoter that results in a change in the level of
transcription of the nucleic acid sequence encoding the
repressor, or that results in a change in the level of synthesis
of the repressor. For instance, in one embodiment, modify
may refer to altering the start codon of the nucleic acid
sequence encoding the repressor. Generally speaking, a
GTG or TTG start codon, as opposed to an ATG start codon,
may decrease translation efficiency ten-fold. In another
embodiment, modify may refer to altering the Shine-Dal-
garno (SD) sequence of the nucleic acid sequence encoding
the repressor. The SD sequence is a ribosomal binding site
generally located 6-7 nucleotides upstream of the start
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codon. The SD consensus sequence is AGGAGG, and
variations of the consensus sequence may alter translation
efficiency. In yet another embodiment, modify may refer to
altering the distance between the SD sequence and the start
codon. In still another embodiment, modify may refer to
altering the -35 sequence for RNA polymerase recognition.
In a similar embodiment, modify may refer to altering the
-10 sequence for RNA polymerase binding. In an additional
embodiment, modify may refer to altering the number of
nucleotides between the -35 and -10 sequences. In an
alternative embodiment, modify may refer to optimizing the
codons of the nucleic acid sequence encoding the repressor
to alter the level of translation of the mRNA encoding the
repressor. For instance, non-A rich codons initially after the
start codon of the nucleic acid sequence encoding the
repressor may not maximize translation of the mRNA encod-
ing the repressor. Similarly, the codons of the nucleic acid
sequence encoding the repressor may be altered so as to
mimic the codons from highly synthesized proteins of a
particular organism. In a further embodiment, modify may
refer to altering the GC content of the nucleic acid sequence
encoding the repressor to change the level of translation of
the mRNA encoding the repressor.

In some embodiments, more than one modification or
type of modification may be performed to optimize the
expression level of the nucleic acid sequence encoding the
repressor. For instance, at least one, two, three, four, five,
six, seven, eight, or nine modifications, or types of modifi-
cations, may be performed to optimize the expression level
of the nucleic acid sequence encoding the repressor.

By way of non-limiting example, when the repressor is
Lad, then the nucleic acid sequence of Lacl and the promoter
may be altered so as to increase the level of Lacl synthesis.
In one embodiment, the start codon of the Lacl repressor
may be altered from GTG to ATG. In another embodiment,
the SD sequence may be altered from AGGG to AGGA. In
yet another embodiment, the codons of lacl may be opti-
mized according to the codon usage for highly synthesized
proteins of Salmonella. In a further embodiment, the start
codon of lacl may be altered, the SD sequence may be
altered, and the codons of lacl may be optimized.

Methods of modifying the nucleic acid sequence encoding
the repressor and/or the regulatable promoter are known in
the art and detailed in the examples.

4. Transcription Termination Sequence

In some embodiments, the chromosomally integrated
nucleic acid sequence encoding the repressor further com-
prises a transcription termination sequence. A transcription
termination sequence may be included to prevent inappro-
priate expression of nucleic acid sequences adjacent to the
chromosomally integrated nucleic acid sequence encoding
the repressor and regulatable promoter.

B. Vector

A recombinant bacterium of the invention that is capable
of the regulated expression of at least one nucleic acid
sequence encoding an antigen comprises, in part, a vector.
The vector comprises a nucleic acid sequence encoding at
least one antigen of interest operably linked to a promoter.
The promoter is regulated by the chromosomally encoded
repressor, such that the expression of the nucleic acid
sequence encoding an antigen is repressed during in vitro
growth of the bacterium, but the bacterium is capable of high
level synthesis of the antigen in an animal or human host. In
certain embodiments, however, the promoter may also be
regulated by a plasmid encoded repressor.

As used herein, “vector” refers to an autonomously rep-
licating nucleic acid unit. The present invention can be
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practiced with any known type of vector, including viral,
cosmid, phasmid, and plasmid vectors. The most preferred
type of vector is a plasmid vector.

As is well known in the art, plasmids and other vectors
may possess a wide array of promoters, multiple cloning
sequences, transcription terminators, etc., and vectors may
be selected so as to control the level of expression of the
nucleic acid sequence encoding an antigen by controlling the
relative copy number of the vector. In some instances in
which the vector might encode a surface localized adhesin as
the antigen, or an antigen capable of stimulating T-cell
immunity, it may be preferable to use a vector with a low
copy number such as at least two, three, four, five, six, seven,
eight, nine, or ten copies per bacterial cell. A non-limiting
example of a low copy number vector may be a vector
comprising the pSC101 ori.

In other cases, an intermediate copy number vector might
be optimal for inducing desired immune responses. For
instance, an intermediate copy number vector may have at
least 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28, 29, or 30 copies per bacterial cell. A
non-limiting example of an intermediate copy number vec-
tor may be a vector comprising the pl15A ori.

In still other cases, a high copy number vector might be
optimal for the induction of maximal antibody responses. A
high copy number vector may have at least 31, 35, 40, 45,
50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 copies per
bacterial cell. In some embodiments, a high copy number
vector may have at least 100, 125, 150, 175, 200, 225, 250,
275, 300, 325, 350, 375, or 400 copies per bacterial cell.
Non-limiting examples of high copy number vectors may
include a vector comprising the pBR ori or the pUC ori.

Additionally, vector copy number may be increased by
selecting for mutations that increase plasmid copy number.
These mutations may occur in the bacterial chromosome but
are more likely to occur in the plasmid vector.

Preferably, vectors used herein do not comprise antibiotic
resistance markers to select for maintenance of the vector.
1. Antigen

As used herein, “antigen” refers to a biomolecule capable
of eliciting an immune response in a host. In some embodi-
ments, an antigen may be a protein, or fragment of a protein,
or a nucleic acid. In an exemplary embodiment, the antigen
elicits a protective immune response. As used herein, “pro-
tective” means that the immune response contributes to the
lessening of any symptoms associated with infection of a
host with the pathogen the antigen was derived from or
designed to elicit a response against or reduces the persis-
tence of the pathogen in the host. For example, a protective
antigen from a pathogen, such as Mycobacterium, may
induce an immune response that helps to ameliorate symp-
toms associated with Mycobacterium infection or reduce the
morbidity and mortality associated with infection with the
pathogen. The use of the term “protective” in this invention
does not necessarily require that the host is completely
protected from the effects of the pathogen.

Antigens may be from bacterial, viral, mycotic and para-
sitic pathogens, and may be designed to protect against
bacterial, viral, mycotic, and parasitic infections, respec-
tively. Alternatively, antigens may be derived from gametes,
provided they are gamete specific, and may be designed to
block fertilization. In another alternative, antigens may be
tumor antigens, and may be designed to decrease tumor
growth. It is specifically contemplated that antigens from
organisms newly identified or newly associated with a
disease or pathogenic condition, or new or emerging patho-
gens of animals or humans, including those now known or
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identified in the future, may be expressed by a bacterium
detailed herein. Furthermore, antigens for use in the inven-
tion are not limited to those from pathogenic organisms.
Immunogenicity of the bacterium may be augmented and/or
modulated by constructing strains that also express
sequences for cytokines, adjuvants, and other immuno-
modulators.

Some examples of microorganisms useful as a source for
antigen are listed below. These may include microoganisms
for the control of plague caused by Yersinia pestis and other
Yersinia species such as Y. pseudotuberculosis and Y. entero-
colitica, for the control of gonorrhea caused by Neisseria
gonorrhoea, for the control of syphilis caused by Treponema
pallidum, and for the control of venereal diseases as well as
eye infections caused by Chlamydia trachomatis. Species of
Streptococcus from both group A and group B, such as those
species that cause sore throat or heart diseases, Erysipelo-
thrix rhusiopathiae, Neisseria meningitidis, Mycoplasma
preumoniae and other Mycoplasma-species, Hemophilus
influenza, Bordetella pertussis, Mycobacterium tuberculo-
sis, Mycobacterium leprae, other Bordetella species,
Escherichia coli, Streptococcus equi, Streptococcus pneu-
moniae, Brucella abortus, Pasteurella hemolytica and P.
multocida, Vibrio cholera, Shigella species, Borrellia spe-
cies, Bartonella species, Heliobacter pylori, Campylobacter
species, Pseudomonas species, Moraxella species, Brucella
species, Francisella species, Aeromonas species, Actinoba-
cillus species, Clostridium species, Rickettsia species, Bacil-
lus species, Couxiella species, Ehrlichia species, Listeria
species, and Legionella pneumophila are additional
examples of bacteria within the scope of this invention from
which antigen nucleic acid sequences could be obtained.
Viral antigens may also be used. Viral antigens may be used
in antigen delivery microorganisms directed against viruses,
either DNA or RNA viruses, for example from the classes
Papovavirus, Adenovirus, Herpesvirus, Poxvirus, Parvovi-
rus, Reovirus, Picornavirus, Myxovirus, Paramyxovirus,
Flavivirus or Retrovirus. In one embodiment, the antigen is
an influenza antigen. Antigens may also be derived from
pathogenic fungi, protozoa and parasites. For instance, by
way of non-limiting example, the antigen may be an Eimeria
antigen, a Plasmodium antigen, or a Taenia solium antigen.

Certain embodiments encompass an allergen as an anti-
gen. Allergens are substances that cause allergic reactions in
ahost that is exposed to them. Allergic reactions, also known
as Type [ hypersensitivity or immediate hypersensitivity, are
vertebrate immune responses characterized by IgE produc-
tion in conjunction with certain cellular immune reactions.
Many different materials may be allergens, such as animal
dander and pollen, and the allergic reaction of individual
hosts will vary for any particular allergen. It is possible to
induce tolerance to an allergen in a host that normally shows
an allergic response. The methods of inducing tolerance are
well-known and generally comprise administering the aller-
gen to the host in increasing dosages.

It is not necessary that the vector comprise the complete
nucleic acid sequence of the antigen. It is only necessary that
the antigen sequence used be capable of eliciting an immune
response. The antigen may be one that was not found in that
exact form in the parent organism. For example, a sequence
coding for an antigen comprising 100 amino acid residues
may be transferred in part into a recombinant bacterium so
that a peptide comprising only 75, 65, 55, 45, 35, 25, 15, or
even 10, amino acid residues is produced by the recombinant
bacterium. Alternatively, if the amino acid sequence of a
particular antigen or fragment thereof is known, it may be
possible to chemically synthesize the nucleic acid fragment
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or analog thereof by means of automated nucleic acid
sequence synthesizers, PCR, or the like and introduce said
nucleic acid sequence into the appropriate copy number
vector.

In another alternative, a vector may comprise a long
sequence of nucleic acid encoding several nucleic acid
sequence products, one or all of which may be antigenic. In
some embodiments, a vector of the invention may comprise
a nucleic acid sequence encoding at least one antigen, at
least two antigens, at least three antigens, or more than three
antigens. These antigens may be encoded by two or more
open reading frames operably linked to be expressed coor-
dinately as an operon, wherein each antigen is synthesized
independently. Alternatively, the two or more antigens may
be encoded by a single open reading frame such that the
antigens are synthesized as a fusion protein.

In certain embodiments, an antigen of the invention may
comprise a B cell epitope or a T cell epitope. Alternatively,
an antigen to which an immune response is desired may be
expressed as a fusion to a carrier protein that contains a
strong promiscuous T cell epitope and/or serves as an
adjuvant and/or facilitates presentation of the antigen to
enhance, in all cases, the immune response to the antigen or
its component part. This can be accomplished by methods
known in the art. Fusion to tenus toxin fragment C, CT-B,
LT-B and hepatitis virus B core are particularly useful for
these purposes, although other epitope presentation systems
such as hepatitis B virus and woodchuck hepatitis virus
cores are well known in the art.

In further embodiments, a nucleic acid sequence encoding
an antigen of the invention may comprise a secretion signal.
In other embodiments, an antigen of the invention may be
toxic to the recombinant bacterium.

2. Promoter Regulated by Repressor

The vector comprises a nucleic acid sequence encoding at
least one antigen operably-linked to a promoter regulated by
the repressor, encoded by a chromosomally integrated
nucleic acid sequence. One of skill in the art would recog-
nize, therefore, that the selection of a repressor dictates, in
part, the selection of the promoter operably-linked to a
nucleic acid sequence encoding an antigen of interest. For
instance, if the repressor is Lacl, then the promoter may be
selected from the group consisting of Lacl responsive pro-
moters, such as P, P,,., P7;,. and P,,. If the repressor is
C2, then the promoter may be selected from the group
consisting of C2 responsive promoters, such as P22 promot-
ers P; and P. If the repressor is C1, then the promoter may
be selected from the group consisting of C1 responsive
promoters, such as A promoters P, and Pg.

In each embodiment herein, the promoter regulates
expression of a nucleic acid sequence encoding the antigen,
such that expression of the nucleic acid sequence encoding
an antigen is repressed when the repressor is synthesized
(i.e. during in vitro growth of the bacterium), but expression
of the nucleic acid sequence encoding an antigen is high
when the repressor is not synthesized (i.e. in an animal or
human host). Generally speaking, the concentration of the
repressor will decrease with every cell division after expres-
sion of the nucleic acid sequence encoding the repressor
ceases. In some embodiments, the concentration of the
repressor decreases enough to allow high level expression of
the nucleic acid sequence encoding an antigen after about 2,
3,4,5,6,7,8,9,10, 11, or 12 divisions of the bacterium.
In an exemplary embodiment, the concentration of the
repressor decreases enough to allow high level expression of
the nucleic acid sequence encoding an antigen after about 5
divisions of the bacterium in an animal or human host.
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In certain embodiments, the promoter may comprise other
regulatory elements. For instance, the promoter may com-
prise lacO if the repressor is Lacl. This is the case with the
lipoprotein promoter P,,, that is regulated by Lacl since it
possesses the Lacl binding domain lacO.

In one embodiment, the repressor is a Lacl repressor and
the promoter is P,,...

3. Expression of the Nucleic Acid Sequence Encoding an
Antigen

As detailed above, generally speaking the expression of
the nucleic acid sequence encoding the antigen should be
repressed when the repressor is synthesized. For instance, if
the repressor is synthesized during in vitro growth of the
bacterium, expression of the nucleic acid sequence encoding
the antigen should be repressed. Expression may be
“repressed” or “partially repressed” when it is about 50%,
45%, 40%, 35%, 30%, 25%, 20%, 15%, 10%, 5%, 1%, or
even less than 1% of the expression under non-repressed
conditions. Thus although the level of expression under
conditions of “complete repression” might be exceeding
low, it is likely to be detectable using very sensitive methods
since repression can never by absolute.

Conversely, the expression of the nucleic acid sequence
encoding the antigen should be high when the expression of
the nucleic acid sequence encoding the repressor is
repressed. For instance, if the nucleic acid sequence encod-
ing the repressor is not expressed during growth of the
recombinant bacterium in the host, the expression of the
nucleic acid sequence encoding the antigen should be high.
As used herein, “high level” expression refers to expression
that is strong enough to elicit an immune response to the
antigen. Consequently, the copy number correlating with
high level expression can and will vary depending on the
antigen and the type of immune response desired. Methods
of determining whether an antigen elicits an immune
response such as by measuring antibody levels or antigen-
dependant T cell populations or antigen-dependant cytokine
levels are known in the art, and methods of measuring levels
of expression of antigen encoding sequences by measuring
levels of mRNA transcribed or by quantitating the level of
antigen synthesis are also known in the art.

ii. Eight Unit Viral Vector

A single expression vector capable of generating an
attenuated virus from a segmented genome has been devel-
oped. An auxotrophic bacterial carrier can carry and deliver
this expression vector into in vitro cultured cells, resulting in
the recovery of virus, either attenuated or non-attenuated.
Advantageously, the expression vector is stable in bacteria at
37° C., and produces higher titers of virus than traditional
multi-vector systems when transfected into eukaryotic cells.

The expression vector generally comprises a plasmid
having at least two types of transcription cassettes. One type
of transcription cassette is designed for VRNA production.
The other type of transcription cassette is designed for the
production of both vVRNAs, and mRNAs. As will be appre-
ciated by a skilled artisan, the number of transcription
cassettes, and their placement within the vector relative to
each other, can and will vary depending on the segmented
virus that is produced. Each of these components of the
expression vector is described in more detail below.

The expression vector may be utilized to produce several
different segmented and nonsegmented viruses. Viruses that
may be produced from the expression vector include posi-
tive-sense RNA viruses, negative-sense RNA viruses and
double-stranded RNA (ds-RNA) viruses.

In one embodiment, the virus may be a positive-sense
RNA virus. Non-limiting examples of positive-sense RNA
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virus may include viruses of the family Arteriviridae, Cali-
civiridae, Coronaviridae, Flaviviridae, Picornaviridae, Roni-
viridae, and Togaviridae. Non-limiting examples of positive-
sense RNA viruses may include SARS-coronavirus, Dengue
fever virus, hepatitis A virus, hepatitis C virus, Norwalk
virus, rubella virus, West Nile virus, Sindbis virus, Semliki
forest virus and yellow fever virus.

In one embodiment, the virus may be a double-stranded
RNA virus. Non-limiting examples of segmented double-
stranded RNA viruses may include viruses of the family
Reoviridae and may include aquareovirus, blue tongue virus,
coltivirus, cypovirus, fijivirus, idnoreovirus, mycoreovirus,
orbivirus, orthoreovirus, oryzavirus, phytoreovirus, rotavi-
rus and seadornavirus.

In yet another embodiment, the virus may be a negative-
sense RNA virus. Negative-sense RNA viruses may be
viruses belonging to the families Orthomyxoviridae, Bunya-
viridae, and Arenaviridae with six-to-eight, three, or two
negative-sense VRNA segments, respectively. Non-limiting
examples of negative-sense RNA viruses may include
thogotovirus, isavirus, bunyavirus, hantavirus, nairovirus,
phlebovirus, tospovirus, tenuivirus, ophiovirus, arenavirus,
deltavirus and influenza virus.

In another aspect, the invention provides an expression
vector capable of generating influenza virus. There are three
known genera of influenza virus: influenza A virus, influenza
B virus and influenza C virus. Each of these types of
influenza viruses may be produced utilizing the single
expression vector of the invention.

In one exemplary embodiment, the expression vector is
utilized to produce Influenza A virus. Influenza A viruses
possess a genome of 8 VRNA segments, including PA, PB1,
PB2, HA, NP, NA, M and NS, which encode a total of ten
to eleven proteins. To initiate the replication cycle, vVRNAs
and viral replication proteins must form viral ribonucleop-
roteins (RNPs). The influenza RNPs consist of the negative-
sense viral RNAs (VRNAs) encapsidated by the viral nucleo-
protein, and the viral polymerase complex, which is formed
by the PA, PB1 and PB2 proteins. The RNA polymerase
complex catalyzes three different reactions: synthesis of an
mRNA with a 5' cap and 3' polyA structure essential for
translation by the host translation machinery; a full length
complementary RNA (cRNA), and of genomic vRNAs
using the cRNAs as a template. Newly synthesized vRNAs,
NP and, PB1, PB2 and PA polymerase proteins are then
assembled into new RNPs, for further replication or encapsi-
dation and release of progeny virus particles. Therefore, to
produce influenza virus using a reverse genetics system, all
8 vVRNAs and mRNAs that express the viral proteins (NP,
PB1, PB1 and PA) essential for replication must be synthe-
sized. The expression vector of the invention may be utilized
to produce all of these VRNAs and mRNAs.

The expression vector may also be utilized to produce any
serotype of influenza A virus without departing from the
scope of the invention. Influenza A viruses are classified into
serotypes based upon the antibody response to the viral
surface proteins hemagglutinin (HA or H) encoded by the
HA vRNA segment, and neuraminidase (NA or N) encoded
by the NA vRNA segment. At least sixteen H subtypes (or
serotypes) and nine N subtypes of influenza A virus have
been identified. New influenza viruses are constantly being
produced by mutation or by reassortment of the 8 vVRNA
segments when more than one influenza virus infects a
single host. By way of example, known influenza serotypes
may include HIN1, HIN2, H2N2, H3N1, H3N2, H3NS,
HS5N1, H5N2, H5N3, H5N8, HSN9, H7N1, H7N2, H7N3,
H7N4, H7N7, HON2, and H10N7 serotypes.
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A. Vector

The expression vector of the invention comprises a vector.
As used in reference to the eight unit viral vector, “vector”
refers to an autonomously replicating nucleic acid unit. The
present invention can be practiced with any known type of
vector, including viral, cosmid, phasmid, and plasmid vec-
tors. The most preferred type of vector is a plasmid vector.
As is well known in the art, plasmids and other vectors may
possess a wide array of promoters, multiple cloning
sequences, and transcription terminators.

The vector may have a high copy number, an intermediate
copy number, or a low copy number. The copy number may
be utilized to control the expression level for the transcrip-
tion cassettes, and as a means to control the expression
vector’s stability. In one embodiment, a high copy number
vector may be utilized. A high copy number vector may have
at least 31, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95,
or 100 copies per bacterial cell. In other embodiments, the
high copy number vector may have at least 100, 125, 150,
175, 200, 225, 250, 275, 300, 325, 350, 375, or 400 copies
per bacterial cell. Non-limiting examples of high copy
number vectors may include a vector comprising the pBR
ori or the pUC ori. In an alternative embodiment, a low copy
number vector may be utilized. For example, a low copy
number vector may have one or at least two, three, four, five,
six, seven, eight, nine, or ten copies per bacterial cell. A
non-limiting example of low copy number vector may be a
vector comprising the pSC101 ori. In an exemplary embodi-
ment, an intermediate copy number vector may be used. For
instance, an intermediate copy number vector may have at
least 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28, 29, or 30 copies per bacterial cell. A
non-limiting example of an intermediate copy number vec-
tor may be a vector comprising the pl15A ori.

The vector may further comprise a selectable marker.
Generally speaking, a selectable marker encodes a product
that the host cell cannot make, such that the cell acquires
resistance to a specific compound or is able to survive under
specific conditions. For example, the marker may code for
an antibiotic resistance factor. Suitable examples of antibi-
otic resistance markers include, but are not limited to, those
coding for proteins that impart resistance to kanamycin,
spectomycin, neomycin, geneticin (G418), ampicillin, tet-
racycline, and chlorampenicol. The selectable marker may
code for proteins that confer resistance to herbicides, such as
chlorsulfuron or phosphinotricin acetyltransferase. Other
appropriate selectable markers include the thymidine kinase
(tk) and the adenine phosphoribosyltransferase (apr) genes,
which enable selection in tk- and apr-cells, respectively, and
the dihydrofloate reductase (dhfr) genes that confer resis-
tance to methotrexate or trimethoprim. In still other cases,
the vector might have selectable Asd*, Murk®, AroA*,
DadB™*, Alr*, AroC*, AroD™, IlvC* and/or IIvE* when the
expression vector is used in a balanced-lethal or balanced-
attenuation vector-host system when present in and deliv-
ered by carrier bacteria.

In some embodiments, the vector may also comprise a
transcription cassette for expressing non-viral reporter pro-
teins. By way of example, reporter proteins may include a
fluorescent protein, luciferase, alkaline phosphatase, beta-
galactosidase, beta-lactamase, horseradish peroxidase, and
variants thereof.

In some embodiments, the vector may also comprise a
DNA nuclear targeting sequence (DTS). A non-limiting
example of a DTS may include the SV40 DNA nuclear
targeting sequence. In other embodiments, the vector may
also comprise an artificial binding site for a transcriptional
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factor, such as NF-kB and/or AP-2 (SEQ ID NO: 1:
GGGGACTTTCCGGGGACTTTCCTCCC
CACGCGGGGGACTTTCCGC-
CACGGGCGGGGACTTTCCGGGGACTTTCC).  Tran-
scription factor NF-kB is found in almost all animal cell
types. Salmonella infection stimulates the expression NF-kB
rapidly, and binding affinity of N F-kB members to their
DNA-binding sites (kKB sites) is high and the translocation of
NF-kB-DNA complex into the nucleus is rapid (minutes).
The plasmid DNA with kB sites allows newly synthesized
NF-kB to bind to the plasmid DNA in the cytoplasm and
transport it to the nucleus through the protein nuclear import
machinery. Depending on their position relative to the
trans-gene, the binding sites could also act as transcriptional
enhancers that further increase gene expression levels. The
SV40 DTS, NF«B, and AP-2 binding sequence facilitate
nuclear import of the plasmid DNA, and this facilitates
transcription of genetic sequences on the vector.
B. Transcription Cassettes for vVRNAs Expression

The expression vector comprises at least one transcription
cassette for VRNA production. Generally speaking, the tran-
scription cassette for VRNA production minimally com-
prises a Poll promoter operably linked to a viral cDNA
linked to a Poll transcription termination sequence. In an
exemplary embodiment, the transcription cassette may also
include a nuclear targeting sequence. The number of tran-
scription cassettes for VRNA production within the expres-
sion vector can and will vary depending on the virus that is
produced. For example, the expression vector may comprise
two, three, four, five, six, seven, or eight or more transcrip-
tion cassettes for VRNA production. When the virus that is
produced is influenza, the vector typically will comprise
four transcription cassettes for VRNA production.

The term “viral cDNA”, as used herein, refers to a copy
of deoxyribonucleic acid (cDNA) sequence corresponding
to a VRNA segment of an RNA virus genome. cDNA copies
of viral RNA segments may be derived from vRNAs using
standard molecular biology techniques known in the art (see,
e.g., Sambrook et al. (1989) “Molecular Cloning: A Labo-
ratory Manual,” 2nd Ed., Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, and Knipe et al (2006) “Virol-
ogy”, Fifth Edition, Lippincott Williams & Wilkins; edi-
tion). In some embodiments, the cDNA may be derived from
a naturally occurring virus strain or a virus strain commonly
used in vitro. In other embodiments, the cDNA may be
derived synthetically by generating the cDNA sequence in
vitro using methods known in the art. The natural or
synthetic cDNA sequence may further be altered to intro-
duce mutations and sequence changes. By way of example,
a naturally occurring viral sequence may be altered to
attenuate a virus, to adapt a virus for in vitro culture, or to
tag the encoded viral proteins.

The selection of promoter can and will vary. The term
“promoter”, as used in reference to a viral cassette, may
mean a synthetic or naturally derived molecule that is
capable of conferring, activating or enhancing expression of
a nucleic acid. A promoter may comprise one or more
specific transcriptional regulatory sequences to further
enhance expression and/or to alter the spatial expression
and/or temporal expression of a nucleic acid. The promoters
may be of viral, prokaryotic, phage or eukaryotic origin.
Non-limiting examples of promoters may include T7 pro-
moter, T3 promoter, SP6 promoter, RNA polymerase I
promoter and combinations thereof. In some embodiments,
the promoters may be different in each transcription cassette.
In preferred embodiments, the promoters may be the same
in each transcription cassette. In preferred alternatives of this
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embodiment, the promoters may be RNA polymerase I (Pol
1) promoters. In an exemplary alternative of this embodi-
ment, the promoters may be human Pol I promoters. In
another exemplary alternative of this embodiment, the pro-
moters may be chicken Pol I promoters.

The promoter may be operably linked to the cDNA to
produce a negative-sense VRNA or a positive-sense cRNA.
In an exemplary alternative of this embodiment, the pro-
moter may be operably linked to the cDNA to produce a
negative-sense VRNA.

The transcription cassette also includes a terminator
sequence, which causes transcriptional termination at the
end of the viral cDNA sequence. By way of a non-limiting
example, terminator sequences suitable for the invention
may include a Pol I terminator, the late SV40 polyade-
nylation signal, the CMV polyadenylation signal, the bovine
growth hormone polyadenylation signal, or a synthetic poly-
adenylation signal. In some embodiments, the terminators
may be different in each transcription cassette. In a preferred
embodiment, the terminators may be the same in each
transcription cassette. In one alternative of this embodiment,
the Pol I terminator may be a human Pol I terminator. In an
exemplary embodiment, the terminator is a murine Pol I
terminator. In an exemplary alternative of this embodiment,
the terminator sequence of the expression cassettes may be
a truncated version of the murine Pol I terminator.

To function properly during replication, VRNAs tran-
scribed from the transcription cassettes generally have pre-
cise 5' and 3' ends that do not comprise an excess of
non-virus sequences. Depending on the promoters and ter-
minators used, this may be accomplished by precise fusion
to promoters and terminators or, by way of example, the
transcription cassette may comprise ribozymes at the ends of
transcripts, wherein the ribozymes cleave the transcript in
such a way that the sequences of the 5' and 3' termini are
generated as found in the vVRNA.

As will be appreciated by a skilled artisan, when the
expression vector produces influenza virus, the expression
vector may comprise at least one transcription cassette for
VRNA production. The transcription cassette may be
selected from the group consisting of (1) a Pol 1 promoter
operably linked to an influenza virus HA cDNA linked to a
Pol 1 transcription termination sequence; (2) a Pol I pro-
moter operably linked to an influenza virus NA cDNA linked
to a Pol I transcription termination sequence; (3) a Pol I
promoter operably linked to an influenza virus M cDNA
linked to a Pol I transcription termination sequence; and (4)
a Poll promoter operably linked to an influenza virus NS
c¢DNA linked to a Pol I transcription termination sequence.
The expression vector may comprise at least 2, 3, or 4 of
these transcription cassettes. In an exemplary embodiment,
the expression vector will also include either one or two
different nuclear targeting sequences (e.g., SV40 DTS and
an artificial binding sequence for a transcriptional factor
such as NF-kB and/or AP-2).

In an exemplary embodiment when the expression vector
produces influenza virus, the expression vector will com-
prise four transcription cassettes for vVRNA production. The
transcription cassettes for this embodiment will comprise (1)
a Pol I promoter operably linked to an influenza virus HA
c¢DNA linked to a Pol I transcription termination sequence;
(2) a Pol I promoter operably linked to an influenza virus NA
c¢DNA linked to a Pol I transcription termination sequence;
(3) a Pol I promoter operably linked to an influenza virus M
c¢DNA linked to a Poll transcription termination sequence;
and (4) a Poll promoter operably linked to an influenza virus
NS c¢DNA linked to a Poll transcription termination
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sequence. In an exemplary embodiment, the expression
vector will also include either one or two different nuclear
targeting sequences (e.g., SV40 DTS and an artificial bind-
ing sequence for a transcriptional factor such as NF-kB
and/or AP-2).

C. Transcription Cassettes for VRN A and mRNA Expression

The expression vector comprises at least one transcription
cassette for VRNA and mRNA production. Typically, the
transcription cassette for VRNA and mRNA production
minimally comprises a Pol I promoter operably linked to a
viral ¢cDNA linked to a Pol I transcription termination
sequence, and a Polll promoter operably linked to the viral
c¢DNA and a Polll transcription termination sequence. In an
exemplary embodiment, the transcription cassette will also
include a nuclear targeting sequence. The number of tran-
scription cassettes for VRNA and mRNA production within
the expression vector can and will vary depending on the
virus that is produced. For example, the expression vector
may comprise two, three, four, five, six, seven, or eight or
more transcription cassettes for VRNA and mRNA produc-
tion. When the virus that is produced is influenza, the
expression cassette typically may comprise four transcrip-
tion cassettes for VRNA and mRNA production.

The viral cDNA, Pol 1 promoter and Pol I terminator
suitable for producing vRNA is as described above in
section (e) 1iB.

For mRNA production, each transcription cassette com-
prises a Pol II promoter operably linked to cDNA and a Pol
II termination sequence. Non-limiting examples of promot-
ers may include the cytomegalovirus (CMV) promoter, Rous
sarcoma virus (RSV) promoter, simian virus 40 (SV40)
early promoter, ubiquitin C promoter or the elongation
factor 1 alpha (EF1a) promoter. In some embodiments, the
promoters may be different in each transcription cassette. In
preferred embodiments, the promoters may be the same in
each transcription cassette. In preferred alternatives of this
embodiment, the promoters may be the CMV Pol 1I pro-
moter.

Each transcription cassette also comprises a Pol II termi-
nator sequence. By way of non-limiting example, terminator
sequences suitable for the invention may include the late
SV40 polyadenylation signal, the CMV polyadenylation
signal, the bovine growth hormone (BGH) polyadenylation
signal, or a synthetic polyadenylation signal. In some
embodiments, the terminators may be different in each
transcription cassette. In a preferred embodiment, the ter-
minators may be the same in each transcription cassette. In
an exemplary embodiment, the terminator is a BGH poly-
adenylation signal. In an exemplary alternative of this
embodiment, the terminator sequence of the expression
cassettes may be a truncated version of the BGH polyade-
nylation signal.

To function properly in initiating VRNA replication,
mRNAs transcribed from the transcription cassettes may
contain signals for proper translation by the host cell trans-
lation machinery. Most cellular mRNAs transcribed from a
Polll promoter are capped at the 5' end and polyadenylated
at the 3' end after transcription to facilitate mRNA transla-
tion. However, some cellular mRNAs and many viral
mRNAs encode other sequences that facilitate translation of
the mRNA in the absence of a 5' cap structure or 3' polyA
structure. By way of example, some cellular mRNAs and
viral mRNAs may encode an internal ribosomal entry site
(IRES), which could functionally replace the 5' cap. By way
of another example, some mRNAs and viral mRNAs may
encode an RNA structure, such as a pseudoknot, at the 3' end
of the mRNA, which could functionally replace the 3'
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polyA. In an exemplary embodiment, the mRNAs tran-
scribed from the transcription cassettes are capped at the 5'
end and polyadenylated at the 3' end.

As will be appreciated by a skilled artisan, when the
expression vector produces influenza virus, the expression
vector may comprise at least one transcription cassette for
VRNA and mRNA production. The transcription cassette
may be selected from the group consisting of (1) a Poll
promoter operably linked to an influenza virus PA cDNA
linked to a Pol I transcription termination sequence and a Pol
II promoter operably linked to the PA ¢cDNA and a Pol II
transcription termination sequence; (2) a Pol I promoter
operably linked to an influenza virus PB1 ¢cDNA linked to a
Poll transcription termination sequence and a Pol II pro-
moter operably linked to the PB1 ¢cDNA and a Pol II
transcription termination sequence; (3) a Pol I promoter
operably linked to an influenza virus PB2 ¢cDNA linked to a
Pol I transcription termination sequence and a Pol II pro-
moter operably linked to the PB2 ¢DNA and a Pol II
transcription termination sequence; and (4) a Pol I promoter
operably linked to an influenza virus NP ¢cDNA linked to a
Pol I transcription termination sequence and a Pol II pro-
moter operably linked to the NP ¢cDNA and a Pol II tran-
scription termination sequence. The expression vector may
comprise at least 2, 3, or 4 of these transcription cassettes.
In an exemplary embodiment, the expression vector will
also include either one or two different nuclear targeting
sequences (e.g., SV40 DTS or an artificial binding sequence
for a transcriptional factor such as NF-kB and/or AP-2).

In an exemplary embodiment when the expression vector
produces influenza virus, the expression vector will com-
prise four transcription cassettes for VRNA and mRNA
production. The transcription cassettes for this embodiment
will comprise (1) a Pol I promoter operably linked to an
influenza virus PA c¢DNA linked to a Pol I transcription
termination sequence and a Pol II promoter operably linked
to the PA ¢cDNA and a Pol II transcription termination
sequence; (2) a Pol I promoter operably linked to an influ-
enza virus PB1 cDNA linked to a Pol I transcription termi-
nation sequence and a Pol II promoter operably linked to the
PB1 ¢DNA and a Pol II transcription termination sequence;
(3) a Pol I promoter operably linked to an influenza virus
PB2 cDNA linked to a Pol I transcription termination
sequence and a Pol II promoter operably linked to the PB2
c¢DNA and a Pol II transcription termination sequence; and
(4) a Pol I promoter operably linked to an influenza virus NP
c¢DNA linked to a Pol I transcription termination sequence
and a Polll promoter operably linked to the NP ¢cDNA and
a Pol 11 transcription termination sequence. In an exemplary
embodiment, each expression plasmid construct will also
include either one or two different nuclear translocation
signals (e.g., SV40 DTS or an artificial binding sequence for
a transcriptional factor such as NF-kB and/or AP-2).

D. Exemplary Expression Vectors

In an exemplary iteration of the invention, a single
expression vector will comprise all of the genomic segments
necessary for the production of influenza virus in a host cell.
As detailed above, for the production of influenza virus HA,
NA, NS, and M vRNA must be produced and PA, PB1, PB2,
and NP vRNA and mRNA must be produced. For this
iteration, the expression vector will comprise four transcrip-
tion cassettes for VRNA production and four transcription
cassettes for VRNA and mRNA production. The four cas-
settes for VRNA production will comprise (1) a Pol I
promoter operably linked to an influenza virus HA cDNA
linked to a Pol I transcription termination sequence; (2) a Pol
I promoter operably linked to an influenza virus NA cDNA
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linked to a Poll transcription termination sequence; (3) a Pol
1 promoter operably linked to an influenza virus M cDNA
linked to a Pol I transcription termination sequence; and (4)
a Pol I promoter operably linked to an influenza virus NS
c¢DNA linked to a Poll transcription termination sequence.
The four transcription cassettes for VRNA and mRNA
production will comprise (1) a Pol 1 promoter operably
linked to an influenza virus PA ¢cDNA linked to a Pol I
transcription termination sequence and a Pol II promoter
operably linked to the PA ¢cDNA and a Pol II transcription
termination sequence; (2) a Pol I promoter operably linked
to an influenza virus PB1 ¢cDNA linked to a Pol I transcrip-
tion termination sequence and a Pol II promoter operably
linked to the PB1 ¢DNA and a Pol II transcription termina-
tion sequence; (3) a Pol I promoter operably linked to an
influenza virus PB2 c¢DNA linked to a Pol I transcription
termination sequence and a Pol II promoter operably linked
to the PB2 ¢DNA and a Polll transcription termination
sequence; and (4) a Pol 1 promoter operably linked to an
influenza virus NP ¢cDNA linked to a Pol I transcription
termination sequence and a Pol II promoter operably linked
to the NP c¢cDNA and a Polll transcription termination
sequence. The expression vector will preferably also include
either one or two different nuclear translocation signals (e.g.,
SV40 DTS or an artificial binding sequence for a transcrip-
tional factor such as NF-kB and/or AP-2). In an exemplary
embodiment, the vector is a plasmid. The plasmid will
generally be a low or intermediate copy number plasmid.

The arrangement and direction of transcription cassettes
within the single expression vector relative to each other can
and will vary without departing from the scope of the
invention. It is believed, however, without being bound by
any particular theory that arrangement of transcription cas-
settes in pairs of VRNA cassettes and vRNA and mRNA
cassettes is preferable because it may reduce the degree of
recombination and as a result, yield an expression vector
with increased genetic stability.

It is also envisioned that in certain embodiments, influ-
enza genomic segments may be produced from more than a
single expression vector without departing from the scope of
the invention. The genomic segments may be produced, for
example, from 2, 3, or 4 or more different expression
vectors. In an iteration of this embodiment, NS, and M
vRNA, and PA, PB1, PB2, and NP vRNA and mRNA are
produced from a single expression vector. For this iteration,
the expression vector will comprise two transcription cas-
settes for VRNA production and four transcription cassettes
for vRNA and mRNA production. The two transcription
cassettes for VRNA production will comprise (1) a Poll
promoter operably linked to an influenza virus M ¢cDNA
linked to a Pol I transcription termination sequence; and (2)
a Pol I promoter operably linked to an influenza virus NS
c¢DNA linked to a Pol I transcription termination sequence.
The four transcription cassettes for VRNA and mRNA
production will comprise (1) a Pol 1 promoter operably
linked to an influenza virus PA ¢cDNA linked to a Pol I
transcription termination sequence and a Pol II promoter
operably linked to the PA ¢cDNA and a Pol II transcription
termination sequence; (2) a Pol I promoter operably linked
to an influenza virus PB1 ¢cDNA linked to a Pol I transcrip-
tion termination sequence and a Pol II promoter operably
linked to the PB1 ¢DNA and a Pol II transcription termina-
tion sequence; (3) a Pol I promoter operably linked to an
influenza virus PB2 c¢DNA linked to a Pol I transcription
termination sequence and a Pol II promoter operably linked
to the PB2 ¢DNA and a Pol II transcription termination
sequence; and (4) a Pol 1 promoter operably linked to an
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influenza virus NP ¢cDNA linked to a Poll transcription
termination sequence and a Pol II promoter operably linked
to the NP ¢cDNA and a Pol II transcription termination
sequence. The expression of HA vVRNA and NA vRNA may
be from a single expression vector that comprises two
transcription cassettes comprising (1) a Poll promoter oper-
ably linked to an influenza virus HA cDNA linked to a Poll
transcription termination sequence; and (2) a Poll promoter
operably linked to an influenza virus NA cDNA linked to a
Pol 1 transcription termination sequence. Alternatively,
expression of HA vRNA and NA vRNA may be from two
separate expression vectors.

In some embodiments, restriction digestion sites may be
placed at convenient locations in the expression vector. By
way of example, restriction enzyme sites placed at the
extremities of the cDNAs may be used to facilitate replace-
ment of cDNA segments to produce a desired reassortment
or strain of the virus. By way of another example, restriction
enzyme sites placed at the extremities of the transcription
cassettes may be used to facilitate replacement of transcrip-
tion cassettes to produce a desired reassortment or strain of
the virus. Suitable, endonuclease restriction sites include
sites that are recognized by restriction enzymes that cleave
double-stranded nucleic acid. By way of non-limiting
example, these sites may include Aarl, Accl, Agel, Apa,
BamHI, Bgll, Bglll, BsiWI, BssHI, BstBI, Clal, CviQI,
Ddel, Dpnl, Dral, Eagl, EcoRI, EcoRV, Fsel, Fspl, Haell,
Haelll, Hhal, HincIl, HindIIl, Hpal, Hpall, Kpnl, Kspl,
Mbol, Mfel, Nael, Narl, Ncol, Ndel, NgoMIV, Nhel, Notl,
Pacl, Phol, Pmll, Pstl, Pvul, Pvull, Sacl, Sacll, Sall, Sbll,
Smal, Spel, Sphl, Srfl, Stul, Taql, Tfil, Tlil, Xbal, Xhol,
Xmal, Xmnl, and Zral. In an exemplary alternative of this
embodiment, the restriction enzyme site may be Aarl.

iii. Nucleic Acid Vaccine Vector

A recombinant bacterium of the invention may encompass
a nucleic acid vaccine vector. Such a vector is typically
designed to be transcribed in the nucleus of the host cell to
produce mRNA encoding one or more antigens of interest.
To increase performance, a nucleic acid vaccine vector
should be targeted to the nucleus of a host cell, and should
be resistant to nuclease attack.

In one embodiment of the invention, a nucleic acid
vaccine vector may be targeted to the nucleus using a DNA
nuclear targeting sequence. Such a sequence allows tran-
scription factors of the host cell to bind to the vector in the
cytoplasm and escort it to the nucleus via the nuclear
localization signal-mediated machinery. DNA nuclear tar-
geting sequences are known in the art. For instance, the
SV40 enhancer may be used. In particular, a single copy of
a 72-bp element of the SV40 enhancer may be used, or a
variation thereof. The SV40 enhancer may be used in
combination with the CMV immediate-early gene enhancer/
promoter.

Additionally, DNA binding sites for eukaryotic transcrip-
tion factors may be included in the vaccine vector. These
sites allow transcription factors such as NF-kB and AP-2 to
bind to the vector, allowing the nuclear location signal to
mediate import of the vector to the nucleus.

A nucleic acid vaccine vector of the invention may also be
resistant to eukaryotic nuclease attack. In particular, the
polyadenalytion signal may be modified to increase resis-
tance to nuclease attack. Suitable polyadenylation signals
that are resistanct to nuclease attack are known in the art. For
instance, the SV40 late poly A signal may be used. Alter-
natively, other poly A adenylation signal sequences could be
derived from other DNA viruses known to be successful in
infecting avian and/or mammalian species.
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A bacterium comprising a nucleic acid vaccine vector
may also comprise a mutation that eliminates the periplas-
mic endonuclease I enzyme, such as a AendA mutation. This
type of mutation is designed to increase vector survival upon
the vector’s release into the host cell.

() Attenuation

In each of the above embodiments, a recombinant bacte-
rium of the invention may also be attenuated. “Attenuated”
refers to the state of the bacterium wherein the bacterium has
been weakened from its wild-type fitness by some form of
recombinant or physical manipulation. This includes alter-
ing the genotype of the bacterium to reduce its ability to
cause disease. However, the bacterium’s ability to colonize
the gastrointestinal tract (in the case of Salmonella) and
induce immune responses is, preferably, not substantially
compromised. For instance, in one embodiment, regulated
attenuation allows the recombinant bacterium to express one
or more nucleic acids encoding products important for the
bacterium to withstand stresses encountered in the host after
immunization. This allows efficient invasion and coloniza-
tion of lymphoid tissues before the recombinant bacterium is
regulated to display the attenuated phenotype.

In one embodiment, a recombinant bacterium may be
attenuated by regulating LPS O-antigen. In other embodi-
ments, attenuation may be accomplished by altering (e.g.,
deleting) native nucleic acid sequences found in the wild
type bacterium. For instance, if the bacterium is Sa/monella,
non-limiting examples of nucleic acid sequences which may
be used for attenuation include: a pab nucleic acid sequence,
a pur nucleic acid sequence, an aro nucleic acid sequence,
asdA, a dap nucleic acid sequence, nadA, pncB, galE, pmi,
fur, rpsl, ompR, htrA, hemA, cdt, cya, crp, dam, phoP,
phoQ, rfc, poxA, galU, mviA, sodC, recA, ssrA, sirA, inv,
hilA, rpoE, figM, tonB, slyA, and any combination thereof.
Exemplary attenuating mutations may be aroA, aroC, aroD,
cdt, cya, crp, phoP, phoQ, ompR, galE, and htrA.

In certain embodiments, the above nucleic acid sequences
may be placed under the control of a sugar regulated
promoter wherein the sugar is present during in vitro growth
of the recombinant bacterium, but substantially absent
within an animal or human host. The cessation in transcrip-
tion of the nucleic acid sequences listed above would then
result in attenuation and the inability of the recombinant
bacterium to induce disease symptoms.

The bacterium may also be modified to create a balanced-
lethal host-vector system, although other types of systems
may also be used (e.g., creating complementation heterozy-
gotes). For the balanced-lethal host-vector system, the bac-
terium may be modified by manipulating its ability to
synthesize various essential constituents needed for synthe-
sis of the rigid peptidoglycan layer of its cell wall. In one
example, the constituent is diaminopimelic acid (DAP).
Various enzymes are involved in the eventual synthesis of
DAP. In one example, the bacterium is modified by using a
AasdA mutation to eliminate the bacterium’s ability to
produce f-aspartate semialdehyde dehydrogenase, an
enzyme essential for the synthesis of DAP. One of skill in the
art can also use the teachings of U.S. Pat. No. 6,872,547 for
other types of mutations of nucleic acid sequences that result
in the abolition of the synthesis of DAP. These nucleic acid
sequences may include, but are not limited to, dapA, dapB,
dapC, dapD, dapE, dapF, and asdA. Other modifications that
may be employed include modifications to a bacterium’s
ability to synthesize D-alanine or to synthesize D-glutamic
acid (e.g., Amurl mutations), which are both unique con-
stituents of the peptidoglycan layer of the bacterial cell wall
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Yet another balanced-lethal host-vector system comprises
modifying the bacterium such that the synthesis of an
essential constituent of the rigid layer of the bacterial cell
wall is dependent on a nutrient (e.g., arabinose) that can be
supplied during the growth of the microorganism. For
example, a bacterium may comprise the AP, ,::TT araC
Py, murA deletion-insertion mutation. This type of muta-
tion makes synthesis of muramic acid (another unique
essential constituent of the peptidoglycan layer of the bac-
terial cell wall) dependent on the presence of arabinose that
can be supplied during growth of the bacterium in vitro.

Other means of attenuation are known in the art.

i. Regulated Attenuation

The present invention also encompasses a recombinant
bacterium capable of regulated attenuation. Generally
speaking, the bacterium comprises a chromosomally inte-
grated regulatable promoter. The promoter replaces the
native promoter of, and is operably linked to, at least one
nucleic acid sequence encoding an attenuation protein, such
that the absence of the function of the protein renders the
bacterium attenuated. In some embodiments, the promoter is
modified to optimize the regulated attenuation.

In each of the above embodiments described herein, more
than one method of attenuation may be used. For instance,
a recombinant bacterium of the invention may comprise a
regulatable promoter chromosomally integrated so as to
replace the native promoter of, and be operably linked to, at
least one nucleic acid sequence encoding an attenuation
protein, such that the absence of the function of the protein
renders the bacterium attenuated, and the bacterium may
comprise another method of attenuation detailed in section
1 above.

A. Attenuation Protein

Herein, “attenuation protein” is meant to be used in its
broadest sense to encompass any protein the absence of
which attenuates a bacterium. For instance, in some embodi-
ments, an attenuation protein may be a protein that helps
protect a bacterium from stresses encountered in the gastro-
intestinal tract or respiratory tract. Non-limiting examples
may be the RpoS, PhoPQ, OmpR, Fur, and Crp proteins. In
other embodiments, the protein may be necessary to syn-
thesize a component of the cell wall of the bacterium, or may
itself be a necessary component of the cell wall such as the
protein encoded by murA. In still other embodiments, the
protein may be listed in Section i above.

The native promoter of at least one, two, three, four, five,
or more than five attenuation proteins may be replaced by a
regulatable promoter as described herein. In one embodi-
ment, the promoter of one of the proteins selected from the
group comprising RpoS, PhoPQ, OmpR, Fur, and Crp may
be replaced. In another embodiment, the promoter of two,
three, four or five of the proteins selected from the group
comprising RpoS, PhoPQ, OmpR, Fur, and Crp may be
replaced.

If the promoter of more than one attenuation protein is
replaced, each promoter may be replaced with a regulatable
promoter, such that the expression of each attenuation
protein encoding sequence is regulated by the same com-
pound or condition. Alternatively, each promoter may be
replaced with a different regulatable promoter, such that the
expression of each attenuation protein encoding sequence is
regulated by a different compound or condition such as by
the sugars arabinose, maltose, rhamnose or xylose.

B. Regulatable Promoter

The native promoter of a nucleic acid sequence encoding
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moter operably linked to the nucleic acid sequence encoding
an attenuation protein. The term “operably linked,” is
defined above.

The regulatable promoter used herein generally allows
transcription of the nucleic acid sequence encoding the
attenuation protein while in a permissive environment (i.e.
in vitro growth), but cease transcription of the nucleic acid
sequence encoding an attenuation protein while in a non-
permissive environment (i.e. during growth of the bacterium
in an animal or human host). For instance, the promoter may
be responsive to a physical or chemical difference between
the permissive and non-permissive environment. Suitable
examples of such regulatable promoters are known in the art
and detailed above.

In some embodiments, the promoter may be responsive to
the level of arabinose in the environment, as described
above. In other embodiments, the promoter may be respon-
sive to the level of maltose, rhamnose, or xylose in the
environment, as described above. The promoters detailed
herein are known in the art, and methods of operably linking
them to a nucleic acid sequence encoding an attenuation
protein are known in the art.

In certain embodiments, a recombinant bacterium of the
invention may comprise any of the following: AP, TT
araC Py, fur, AP, - TT araC Py, crp, AP, 5o TT araC
Ps.p phoPQ, or a combination thereof. Growth of such
strains in the presence of arabinose leads to transcription of
the fur, phoPQ, and/or crp nucleic acid sequences, but
nucleic acid sequence expression ceases in a host because
there is no free arabinose. Attenuation develops as the
products of the fur, phoPQ, and/or the crp nucleic acid
sequences are diluted at each cell division. Strains with the
AP, and/or the AP, », mutations are attenuated at oral
doses of 10° CFU, even in three-week old mice at weaning.
Generally speaking, the concentration of arabinose neces-
sary to induce expression is typically less than about 2%. In
some embodiments, the concentration is less than about
1.5%, 1%, 0.5%, 0.2%, 0.1%, or 0.05%. In certain embodi-
ments, the concentration may be about 0.04%, 0.03%,
0.02%, or 0.01%. In an exemplary embodiment, the con-
centration is about 0.05%. Higher concentrations of arab-
inose or other sugars may lead to acid production during
growth that may inhibit desirable cell densities. The inclu-
sion of mutations such as AaraBAD or mutations that block
the uptake and/or breakdown of maltose, rhamnose, or
xylose, however, may prevent such acid production and
enable use of higher sugar concentrations with no ill effects.

When the regulatable promoter is responsive to arabinose,
the onset of attenuation may be delayed by including addi-
tional mutations, such as AaraBAD23, which prevents use of
arabinose retained in the cell cytoplasm at the time of oral
immunization, and/or AaraE25 that enhances retention of
arabinose. Thus, inclusion of these mutations may be ben-
eficial in at least two ways: first, enabling higher culture
densities, and second enabling a further delay in the display
of the attenuated phenotype that may result in higher den-
sities in effector lymphoid tissues to further enhance immu-
nogenicity.

C. Modifications

Attenuation of the recombinant bacterium may be opti-
mized by modifying the nucleic acid sequence encoding an
attenuation protein and/or promoter. Methods of modifying
a promoter and/or a nucleic acid sequence encoding an
attenuation protein are the same as those detailed above with
respect to repressors in section (e).

In some embodiments, more than one modification may
be performed to optimize the attenuation of the bacterium.
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For instance, at least one, two, three, four, five, six, seven,
eight or nine modifications may be performed to optimize
the attenuation of the bacterium. In various exemplary
embodiments of the invention, the SD sequences and/or the
start codons for the fur and/or the phoPQ virulence nucleic
acid sequences may be altered so that the production levels
of these nucleic acid products are optimal for regulated
attenuation.

(g) Other Mutations

A bacterium may further comprise additional mutations.
Such mutations may include the regulation of serotype-
specific antigens, those detailed below.

i. Regulated Expression of a Nucleic Acid Sequence Encod-
ing at Least One Serotype-Specific Antigen

Generally speaking, a recombinant bacterium of the
invention is capable of the regulated expression of a nucleic
acid sequence encoding at least one serotype-specific anti-
gen. As used herein, the phrase “serotype-specific antigen”
refers to an antigen that elicits an immune response specific
for the bacterial vector serotype. In some embodiments, the
immune response to a serotype-specific antigen may also
recognize closely related strains in the same serogroup, but
in a different, but related, serotype. Non-limiting examples
of serotype-specific antigens may include LPS O-antigen,
one or more components of a flagellum, and Vi capsular
antigen. In some embodiments, the expression of at least
one, at least two, at least three, or at least four nucleic acid
sequences encoding a serotype-specific antigen are regu-
lated in a bacterium of the invention.

The phrase “regulated expression of a nucleic acid encod-
ing at least one serotype-specific antigen” refers to expres-
sion of the nucleic acid sequence encoding a serotype-
antigen such that the bacterium does not substantially induce
an immune response specific to the bacterial vector serotype.
In one embodiment, the expression of the serotype-specific
antigen is eliminated. In another embodiment, the expres-
sion is substantially reduced. In yet another embodiment, the
expression of the serotype-specific antigen is reduced in a
temporally controlled manner. For instance, the expression
of the serotype-specific antigen may be reduced during
growth of the bacterium in a host, but not during in vitro
growth.

The expression of a nucleic acid sequence encoding a
Salmonella serotype-specific antigen may be measured
using standard molecular biology and protein and carbohy-
drate chemistry techniques known to one of skill in the art.
As used herein, “substantial reduction” of the expression of
a nucleic acid sequence encoding a serotype-specific antigen
refers to a reduction of at least about 1% to at least about
99.9% as compared to a Salmonella bacterium in which no
attempts have been made to reduce serotype-specific antigen
expression. In one embodiment, the expression of a nucleic
acid sequence encoding a serotype-specific antigen is
reduced by 100% by using a deletion mutation. In other
embodiments of the invention, the expression of a nucleic
acid sequence encoding a serotype-specific antigen is
reduced by at least about 99.9%, 99.5%, 99%, 98%, 97%,
96%, 95%, 94%, 93%, 92%, 91% or 90%. In yet other
embodiments of the invention, the expression of a nucleic
acid sequence encoding a serotype-specific antigen is
reduced by at least about 89%, 88%, 87%, 86%, 85%, 84%,
83%, 82%, 81% or 80%. In still other embodiments of the
invention, the expression of a nucleic acid sequence encod-
ing a serotype-specific antigen is reduced by at least about
75%, 70%, 65%, 60%, 55%, or 50%. In additional embodi-
ments, the expression of a nucleic acid sequence encoding a
serotype-specific antigen is reduced by at least about 45%,
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40%, 35%, 30%, 25%, or 20%. In yet additional embodi-
ments, the expression of a nucleic acid sequence encoding a
serotype-specific antigen is reduced by at least about 15%,
10%, 5%, 4%, 3%, 2% or 1%.

Methods of regulating expression of a nucleic acid
sequence encoding at least one serotype-specific antigen are
discussed in detail below, and in the examples.

A. Regulating the Expression of a Nucleic Acid Sequence
Encoding LPS O-Antigen

In one embodiment, the expression of a nucleic acid
sequence encoding the serotype-specific antigen LPS O-an-
tigen is regulated by mutating the pmi nucleic acid sequence,
which encodes a phosphomannose isomerase needed for the
bacterium to interconvert fructose-6-P and mannose-6-P. In
some instances, the bacterium comprises a Apmi mutation,
such as a Apmi-2426 mutation. A bacterium comprising a
Apmi-2426 mutation, grown in the presence of mannose, is
capable of synthesizing a complete LPS O-antigen. But
non-phosphorylated mannose, which is the form required for
bacterial uptake, is unavailable in vivo. Hence, a bacterium
comprising a Apmi-2426 mutation loses the ability to syn-
thesize LPS O-antigen serotype specific side chains after a
few generations of growth in vivo. The LPS that is synthe-
sized comprises a core structure that is substantially similar
across many diverse Salmonella serotypes. This results in a
bacterium that is capable of eliciting an immune response
against at least two Salmonella serotypes without substan-
tially inducing an immune response specific to the serotype
of the bacterial vector.

A bacterium of the invention that comprises a Apmi
mutation may also comprise other mutations that ensure that
mannose available to the bacterium during in vitro growth is
used for LPS O-antigen synthesis. For instance, a bacterium
may comprise a A(gmd-fcl)-26 mutation. This mutation
deletes two nucleic acid sequences that encode enzymes for
conversion of GDP-mannose to GDP-fucose. This ensures
that mannose available to the bacterium during in vitro
growth is used for LPS O-antigen synthesis and not colanic
acid production. Similarly, a bacterium may comprise the
A(wcaM-wza)-8 mutation, which deletes all 19 nucleic acid
sequences necessary for colanic acid production, and also
precludes conversion of GDP-mannose to GDP-fucose.

In addition to regulating LPS O-antigen synthesis with
mannose, the synthesis of LPS O-antigen may be regulated
by arabinose, which is also absent in vivo. For instance, a
bacterium may comprise the mutation AP, .. TT araC Py,
rfc. (P stands for promoter and TT stands for transcription
terminator.) The rfc nucleic acid sequence is necessary for
the addition of O-antigen subunits, which typically comprise
three or four sugars, in a repeat fashion. When the rfc nucleic
acid sequence is absent, only one O-antigen repeat subunit
is added to the LPS core polysaccharide. Normally, the
serotype-specific O-antigen contains some 50 or so repeats
of the O-antigen subunit, catalyzed by the enzyme encoded
by the rfc nucleic acid sequence. In the case of a bacterium
comprising the AP, ::'TT araC P, rfc deletion-insertion
mutation, expression of the rfc nucleic acid sequence is
dependant on the presence of arabinose that can be supplied
during in vitro growth of the strain, but that is absent in vivo.
Consequently, rfc expression ceases in vivo, resulting in the
cessation of assembly of the O-antigen repeat structure. This
reduces the bacterium’s ability to induce an immune
response against the serotype-specific O-antigen.

Another means to regulate LPS O-antigen expression is to
eliminate the function of galE in a recombinant bacterium of
the invention. The galE nucleic acid sequence encodes an
enzyme for the synthesis of UDP-Gal, which is a substrate
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for LPS O-antigen, the outer LPS core and colanic acid.
Growth of a bacterium comprising a suitable galE mutation
in the presence of galactose leads to the synthesis of O-an-
tigen and the LPS core. Non-phosphorylated galactose is
unavailable in vivo, however, and in vivo synthesis of
UDP-Gal ceases, as does synthesis of the O-antigen and the
LPS outer core. One example of a suitable galE mutation is
the A(galE-ybhC)-851 mutation.

In certain embodiments, a bacterium of the invention may
comprise one or more of the Apmi, AP, ..::TT araC P, rfc,
and AgalE mutations, with or without a A(gmd-fcl)-26 or
A(wcaM-wza)-8 mutation. Such a combination may yield a
recombinant bacterium that synthesizes all components of
the LPS core and O-antigen side chains when grown in vitro
(i.e. in the presence of suitable concentrations of mannose,
arabinose and galactose), but that ceases to synthesize the
LPS outer core and O-antigen in vivo due to the unavail-
ability of free unphosphorylated mannose, arabinose or
galactose. Also, a recombinant bacterium with the inability
to synthesize the LPS outer core and/or O-antigen is attenu-
ated, as the bacterium is more susceptible to killing by
macrophages and/or complement-mediated cytotoxicity.
Additionally, a bacterium with the inability to synthesize the
LPS outer core and O-antigen in vivo, induces only a
minimal immune response to the serotype-specific LPS
O-antigen.

The regulated expression of one or more nucleic acids that
enable synthesis of LPS O-antigen allows a recombinant
bacterium of the invention to be supplied with required
sugars such as mannose, arabinose and/or galactose during
in vitro growth of the bacterium, ensuring complete synthe-
sis of the LPS O-antigen. This is important, because the
presence of the O-antigen on the recombinant bacterium cell
surface is indispensable for the strain to invade and colonize
lymphoid tissue, a necessary prerequisite for being immu-
nogenic. In vivo, LPS O-antigen synthesis ceases due to the
unavailability of the free unphosphorylated sugars. Conse-
quently, the recombinant bacterium is attenuated, becoming
more susceptible to complement-mediated cytotoxicity and
macrophage phagocytosis. Also, when LPS O-antigen syn-
thesis ceases, the LPS core is exposed. The core is a
cross-reactive antigen with a similar structure in all Salmo-
nella serotypes. In addition, when LPS O-antigen synthesis
ceases, any cross-reactive outer membrane proteins
expressed by the recombinant bacterium are exposed for
surveillance by the host immune system.

B. The Expression of a Nucleic Acid Sequence Encoding a
Component of a Flagellum

In one embodiment, the expression of a nucleic acid
encoding a serotype-specific component of a flagellum is
regulated by mutating the nucleic acid that encodes F1ljB or
FliC. For instance, a bacterium of the invention may com-
prise a AfljB217 mutation. Alternatively, a bacterium may
comprise a AfliCI80 mutation. The AfljB217 mutation
deletes the structural nucleic acid sequence that encodes the
Phase 1I flagellar antigen whereas the AfliCI80 mutation
deletes the 180 amino acids encoding the antigenically
variable serotype-specific domain of the Phase I FliC fla-
gellar antigen. The portion of the flagellar protein that
interacts with TLRS5 to recruit/stimulate innate immune
responses represents the conserved N and C-terminal
regions of the flagellar proteins and this is retained and
expressed by strains with the AfliCI80 mutation. In addition,
the AfliCI80 mutation retains the CD4-dependent T-cell
epitope. It should be noted, that expression of the Phase |
flagellar antigen and not the Phase II flagellar antigen
potentiates S. Typhimurium infection of mice. S. Tiphimu-
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rium recombinant bacteria with the Apmi-2426, AfljB217
and AfliC180 mutations, when grown in the absence of
mannose, are not agglutinated with antisera specific for the
B-group O-antigen or the S. Typhimurium specific anti-
flagellar sera. These recombinant bacteria are also non-
motile since the FIiC180 protein that is synthesized at high
levels is not efficiently incorporated into flagella. When
these recombinant bacteria are evaluated using HEK293
cells specifically expressing TLRS, the level of NF-kB
production is about 50% higher than when using a AfliB217
F1iC* strain that assembles flagellin into flagella and exhib-
its motility (there is no NF-kB production by the control
AfljB217 AfliC2426 strain with no flagella). Similarly,
recombinant bacteria with the A(galE-ybhC)-851, AfljB217
and AfliC180 mutations, when grown in the absence of
galactose, are not agglutinated with antisera specific for the
B-group O-antigen or the S. Typhimurium specific anti-
flagellar sera. These bacteria are also non-motile.

In some embodiments, a bacterium may comprise both a
AfljB217 and a AfliC2426 mutation. Such a bacterium will
typically not synthesize flagella, and hence, will not be
motile. This precludes interaction with TLRS and up-regu-
lation of NF-kB production. Such a bacterium will reduce
bacterial-induced host programmed cell death.

C. The Expression of a Nucleic Acid Sequence Encoding the
Vi Capsular Antigen

Certain Salmonella strains, such as S. Typhi and S. Dublin,
express the Vi capsular antigen. This antigen is serotype-
specific, inhibits invasion, and acts to suppress induction of
a protective immune response. Consequently, when a recom-
binant bacterium of the invention is derived from a strain
comprising the Vi capsular antigen, one or more nucleic
acids encoding the Vi capsular antigen will be deleted such
that the Vi capsular antigen is not synthesized. Even though
synthesis and display of the Vi capsular antigen on the
Salmonella cell surface interferes with invasion and sup-
presses induction of immunity, the purified Vi antigen can be
used as a vaccine to induce protective immunity against
infection by Vi antigen displaying S. Typhi and S. Dublin
strains.

ii. Eliciting an Immune Response Against at Least Two
Salmonella Serotypes

A recombinant bacterium of the invention may be capable
of eliciting an immune response against at least two Salmo-
nella serotypes. This may be accomplished, for instance, by
eliminating the serotype-specific LPS O-antigen side chains
as discussed above. The remaining L.PS core will elicit an
immune response, inducing the production of antibodies
against the LPS core. Since this LPS core is substantially
identical in the several thousand Salmonella enterica sero-
types, the antibodies potentially provide immunity against
several diverse Salmonella enterica serotypes, such as Typh-
imurium, Heidelberg, Newport, Infantis, Dublin, Virchow,
Typhi, Enteritidis, Berta, Seftenberg, Ohio, Agona,
Braenderup, Hadar, Kentucky, Thompson, Montevideo,
Mbandaka, Javiana, Oranienburg, Anatum, Paratyphi A,
Schwarzengrund, Saintpaul, and Munchen.

In addition, the elimination of the L.PS O-antigen provides
the host immune system with better access to the outer
membrane proteins of the recombinant bacterium, thereby
enhancing induction of immune responses against these
outer membrane proteins. In some embodiments, as
described below, the outer membrane proteins may be
upregulated to further enhance host immune responses to
these proteins. Non-limiting examples of outer membrane
proteins include proteins involved in iron and manganese
uptake, as described below. Iron and manganese are essen-
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tial nutrients for enteric pathogens and the induction of
antibodies that inhibit iron and manganese uptake in effect
starves the pathogens, conferring protective immunity on the
host. Additionally, since these proteins are homologous
among the enteric bacteria, such host immune responses
provide immunity against multiple Sa/monella enterica
serotypes as well as to other enteric bacterial pathogens such
as strains of Yersinia, Shigella and Escherichia. As evidence
of this, the attenuated S. Typhimurium vaccine vector strain
not expressing any Yersinia antigen is able to induce sig-
nificant protective immunity to high doses of orally admin-
istered Y. pseudotuberculosis.

The elicited immune response may include, but is not
limited to, an innate immune response, a mucosal immune
response, a humoral immune response and a cell-mediated
immune response. In one embodiment, Th2-dependent
mucosal and systemic antibody responses to the enteric
antigen(s) are observed. Immune responses may be mea-
sured by standard immunological assays known to one of
skill in the art. In an exemplary embodiment, the immune
response is protective.

iii. Reduction in Fluid Secretion

In some embodiments, a recombinant bacterium of the
invention may be modified so as to reduce fluid secretion in
the host. For instance, the bacterium may comprise the
AsopB1925 mutation. Alternatively, the bacterium may
comprise the AmsbB48 mutation. In another alternative, the
bacterium may comprise both the AsopB1925 mutation and
the AmsbB48 mutation
iv. Biological Containment

Under certain embodiments, a live recombinant bacterium
may possess the potential to survive and multiply if excreted
from a host. This leads to the possibility that individuals not
electing to be immunized may be exposed to the recombi-
nant bacterium. Consequently, in certain embodiments, a
recombinant bacterium of the invention may comprise one
or more mutations that decrease, if not preclude, the ability
of Salmonella vaccines to persist in the GI tract of animals.

In another embodiment, a recombinant bacterium of the
invention may comprise one or more of the A(gmd fcl)-26 or
A(wcaM-wza)-7, AagfBACS8I11, A(P, 4, aglG)-4, A(agfC-
agf(5)-999, AbcsABZC2118 or AbesEFG2319 and A(yshA-
yihW)-157 mutations that block synthesis of colanic acid,
thin aggregative fimbriae (i.e., curli), cellulose and extra-
cellular polysaccharide, respectively, all of which contribute
to biofilm formation. In addition, the mutation AyhiR36 that
prevents use of DNA as a nutrient, A(shdA-ratB)-64,
Amisl.2 and AbigA3 that encode four proteins that enable
Salmonella to adhere to host extracellular matrix proteins
and AackA233 that blocks use of acetate, may be used as a
means for biological containment. Likewise, inclusion of
mutations that block use of the sugars fucose and ribose such
as AfucOR8 and Arbs-19 will reduce ability of vaccine
strains to persist in the intestinal tract. In exemplary embodi-
ments, a recombinant bacterium comprising a biological
containment mutation is not adversely affected in its viru-
lence.

In some embodiments, the recombinant bacterium may
comprise a method of regulated delayed lysis in vivo that
prevents bacterial persistence in vivo and survival if
excreted. These chromosomal mutations may include:
A(gmd fcl)-26 or A(wcaM-wza)-8 that precludes synthesis
of colanic acid that can protect cells undergoing cell wall-
less death from lysing completely, AagfBAC811 that blocks
synthesis of thin aggregative fimbriae (curli) that are critical
for biofilm formation to enable persistent colonization on
bile stones in the gall bladder, AasdA27::TT araC Py, c2
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insertion-deletion mutation to impose a requirement for the
peptidoglycan constituent DAP and AP, ,»::TTaraC Py,
murA or the improved AP,,,,, ,»5s:: TTaraC Py, , murA inser-
tion-deletion mutation as a conditional-lethal mutation
blocking synthesis of the peptidoglycan constituent
muramic acid. The latter two mutations are typically
complemented by a regulated delayed lysis plasmid vector
such as pYA3681 or the improved pYA4763 that has an
arabinose-dependent expression of asdA and murA genes. A
recombinant bacterium comprising such mutations grows
normally in the presence of arabinose. In vivo, however, the
bacterium ceases to express any nucleic acids encoding the
Asd and MurA enzymes, such that synthesis of the pepti-
doglycan cell wall layer ceases, ultimately resulting in the
lysis of the bacterium. This lysis may result in the release of
a bolus of antigen specific for an enteric pathogen, thereby
serving as a means to enhance induction of immunity against
that enteric pathogen while conferring biological contain-
ment.

In some embodiments, a recombinant bacterium may
comprise a mutation that blocks the recycling of cell wall
peptidoglycan to ensure lysis occurs. For instance, a bacte-
rium may comprise an ampG mutation, an ampD mutation
or a nagE mutation, or two or three of these mutations.

v. Crp Cassette

In some embodiments, a recombinant bacterium of the
invention may also comprise a AP,,,::TT araC Py, crp
deletion-insertion mutation. Since the araC P, , cassette is
dependent both on the presence of arabinose and the binding
of the catabolite repressor protein Crp, a AP_ =TT araC
Pg.p crp deletion-insertion mutation may be included as an
additional means to reduce expression of any nucleic acid
sequence under the control of the Py, promoter. This
means that when the bacterium is grown in a non-permissive
environment (i.e. no arabinose) both the repressor itself and
the Crp protein cease to be synthesized, consequently elimi-
nating both regulating signals for the araC Py, regulated
nucleic acid sequence. This double shut off of araC Py, ,,
may constitute an additional safety feature ensuring the
genetic stability of the desired phenotypes.

Generally speaking, the activity of the Crp protein
requires interaction with cAMP, but the addition of glucose,
which may inhibit synthesis of cAMP, decreases the ability
of the Crp protein to regulate transcription from the araC
Pz.» promoter. Consequently, to avoid the effect of glucose
on cAMP, glucose may be substantially excluded from the
growth media, or variants of crp may be isolated or con-
structed that synthesize a Crp protein that is not dependent
on cAMP to regulate transcription from Pz ,,,. Two such
alterations in the crp gene have been made with amino acid
substitution mutations T1271, Q170K and L.195R to result in
the crp-70 gene modification and with amino acid substitu-
tions 11121, T1271 and A144T to result in the crp-72 gene
modification. Both constructions have been made with araC
Pgip to yield the A, ;0 TT araC Py, crp-70 and AP, ,;5:
TT araC Py, crp-72 deletion-insertion mutations. In both
cases, synthesis of the Crp protein induced by arabinose is
insensitive to the addition of glucose. This strategy may also
be used in other systems responsive to Crp, such as the
systems responsive to rhamnose and xylose described
above.

(h) Exemplary Bacterium

In an exemplary embodiment, a bacterium may comprise
one or more mutations to increase invasiveness (section (a)
above), one or more mutations to allow endosomal escape
(section (b) above), one or more mutations to reduce bac-
terium-induced host programmed cell death (section (c)
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above), one or more mutations to induce lysis of the bacte-
rium (section (d) above), one or more mutations to express
a nucleic acid encoding an antigen (section (e) above), one
or more mutations to attenuate the bacterium (section (f)
above), and one or more mutations to enhace the perfor-
mance of the bacterium as a vaccine (section (g) above).
II. Vaccine Compositions and Administration

A recombinant bacterium of the invention may be admin-
istered to a host as a vaccine composition. As used herein,
a vaccine composition is a composition designed to elicit an
immune response to the recombinant bacterium, including
any antigens that may be expressed by the bacterium. In an
exemplary embodiment, the immune response is protective,
as described above. Immune responses to antigens are well
studied and widely reported. A survey of immunology is
given by Paul, W E, Stites D et. al. and Ogra PL. et. al.
Mucosal immunity is also described by Ogra PL et. al.

Vaccine compositions of the present invention may be
administered to any host capable of mounting an immune
response. Such hosts may include all vertebrates, for
example, mammals, including domestic animals, agricul-
tural animals, laboratory animals, and humans, and various
species of birds, including domestic birds and birds of
agricultural importance. Preferably, the host is a warm-
blooded animal. The vaccine can be administered as a
prophylactic or for treatment purposes.

In exemplary embodiments, the recombinant bacterium is
alive when administered to a host in a vaccine composition
of the invention. Suitable vaccine composition formulations
and methods of administration are detailed below.

(a) Vaccine Composition

A vaccine composition comprising a recombinant bacte-
rium of the invention may optionally comprise one or more
possible additives, such as carriers, preservatives, stabiliz-
ers, adjuvants, and other substances.

In one embodiment, the vaccine comprises an adjuvant.
Adjuvants, such as aluminum hydroxide or aluminum phos-
phate, are optionally added to increase the ability of the
vaccine to trigger, enhance, or prolong an immune response.
In exemplary embodiments, the use of a live attenuated
recombinant bacterium may act as a natural adjuvant. The
vaccine compositions may further comprise additional com-
ponents known in the art to improve the immune response to
a vaccine, such as T cell co-stimulatory molecules or anti-
bodies, such as anti-CTLA4. Additional materials, such as
cytokines, chemokines, and bacterial nucleic acid sequences
naturally found in bacteria, like CpG, are also potential
vaccine adjuvants.

In another embodiment, the vaccine may comprise a
pharmaceutical carrier (or excipient). Such a carrier may be
any solvent or solid material for encapsulation that is
non-toxic to the inoculated host and compatible with the
recombinant bacterium. A carrier may give form or consis-
tency, or act as a diluent. Suitable pharmaceutical carriers
may include liquid carriers, such as normal saline and other
non-toxic salts at or near physiological concentrations, and
solid carriers not used for humans, such as talc or sucrose,
or animal feed. Carriers may also include stabilizing agents,
wetting and emulsifying agents, salts for varying osmolarity,
encapsulating agents, buffers, and skin penetration enhanc-
ers. Carriers and excipients as well as formulations for
parenteral and nonparenteral drug delivery are set forth in
Remington’s Pharmaceutical Sciences 19th Ed. Mack Pub-
lishing (1995). When used for administering via the bron-
chial tubes, the vaccine is preferably presented in the form
of an aerosol.
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Care should be taken when using additives so that the live
recombinant bacterium is not killed, or have its ability to
effectively colonize lymphoid tissues such as the GALT,
NALT and BALT compromised by the use of additives.
Stabilizers, such as lactose or monosodium glutamate
(MSG), may be added to stabilize the vaccine formulation
against a variety of conditions, such as temperature varia-
tions or a freeze-drying process.

The dosages of a vaccine composition of the invention
can and will vary depending on the recombinant bacterium,
the regulated antigen, and the intended host, as will be
appreciated by one of skill in the art. Generally speaking, the
dosage need only be sufficient to elicit a protective immune
response in a majority of hosts. Routine experimentation
may readily establish the required dosage. Typical initial
dosages of vaccine for oral administration could be about
1x107 to 1x10'° CFU depending upon the age of the host to
be immunized. Administering multiple dosages may also be
used as needed to provide the desired level of protective
immunity.

(b) Methods of Administration

In order to stimulate a preferred response of the GALT,
NALT or BALT cells, administration of the vaccine com-
position directly into the gut, nasopharynx, or bronchus is
preferred, such as by oral administration, intranasal admin-
istration, gastric intubation or in the form of aerosols,
although other methods of administering the recombinant
bacterium, such as intravenous, intramuscular, subcutaneous
injection or intramammary, intrapenial, intrarectal, vaginal
administration, or other parenteral routes, are possible.

In some embodiments, these compositions are formulated
for administration by injection (e.g., intraperitoneally, intra-
venously, subcutaneously, intramuscularly, etc.). Accord-
ingly, these compositions are preferably combined with
pharmaceutically acceptable vehicles such as saline, Ring-
er’s solution, dextrose solution, and the like.

1II. Kits

The invention also encompasses kits comprising any one
of the compositions above in a suitable aliquot for vacci-
nating a host in need thereof. In one embodiment, the kit
further comprises instructions for use. In other embodi-
ments, the composition is lyophilized such that addition of
a hydrating agent (e.g., buffered saline) reconstitutes the
composition to generate a vaccine composition ready to
administer, preferably orally.

The following examples are included to demonstrate
preferred embodiments of the invention. It should be appre-
ciated by those of skill in the art that the techniques
disclosed in the examples that follow represent techniques
discovered by the inventors to function well in the practice
of the invention. Those of skill in the art should, however,
in light of the present disclosure, appreciate that many
changes can be made in the specific embodiments that are
disclosed and still obtain a like or similar result without
departing from the spirit and scope of the invention, there-
fore all matter set forth or shown in the accompanying
drawings is to be interpreted as illustrative and not in a
limiting sense.

IV. Methods of Use

A further aspect of the invention encompasses methods of
using a recombinant bacterium of the invention. For
instance, in one embodiment the invention provides a
method for modulating a host’s immune system. The method
comprises administering to the host an effective amount of
a composition comprising a recombinant bacterium of the
invention. One of skill in the art will appreciate that an
effective amount of a composition is an amount that will
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generate the desired immune response (e.g., mucosal,
humoral or cellular). Methods of monitoring a host’s
immune response are well-known to physicians and other
skilled practitioners. For instance, assays such as ELISA,
and ELISPOT may be used. Effectiveness may be deter-
mined by monitoring the amount of the antigen of interest
remaining in the host, or by measuring a decrease in disease
incidence caused by a given pathogen in a host. For certain
pathogens, cultures or swabs taken as biological samples
from a host may be used to monitor the existence or amount
of pathogen in the individual.

In another embodiment, the invention provides a method
for eliciting an immune response against an antigen in a
host. The method comprises administering to the host an
effective amount of a composition comprising a recombinant
bacterium of the invention

In still another embodiment, a recombinant bacterium of
the invention may be used in a method for eliciting an
immune response against a pathogen in an individual in need
thereof. The method comprises administrating to the host an
effective amount of a composition comprising a recombinant
bacterium as described herein. In a further embodiment, a
recombinant bacterium described herein may be used in a
method for ameliorating one or more symptoms of an
infectious disease in a host in need thereof. The method
comprises administering an effective amount of a composi-
tion comprising a recombinant bacterium as described
herein.

The following examples are included to demonstrate
preferred embodiments of the invention. It should be appre-
ciated by those of skill in the art that the techniques
disclosed in the examples that follow represent techniques
discovered by the inventors to function well in the practice
of the invention. Those of skill in the art should, however,
in light of the present disclosure, appreciate that may
changes can be made in the specific embodiments that are
disclosed and still obtain a like or similar result without
departing from the spirit and scope of the invention, there-
fore all matter set forth or shown in the accompanying
drawings is to be interpreted as illustrative and not in a
limiting sense.

EXAMPLES

The following examples illustrate various iterations of the
invention.

Example 1

Construction of S. Typhimurium Vaccine Strains
with Regulated Delayed In Vivo Lysis after
Colonization of Effector Lymphoid Tissues in
Order to Release Antigens In Vivo and Confer
Complete Biological Containment

We have developed a system after much effort that is
dependant on the presence of arabinose for viability. The S.
Typhimurium strain has mutations that preclude synthesis of
diaminopimelic acid (DAP) (an unique essential constituent
of the peptidoglycan layer of the cell wall) and make
synthesis of muramic acid (another unique constituent of
peptidoglycan) dependent on the presence of arabinose. In
the absence of DAP and arabinose, cells undergo cell
wall-less death and lyse. These two mutations are comple-
mented by a plasmid vector that has the asdA and murA
genes necessary for synthesis of DAP and muramic acid,
respectively, with expression of these genes dependant on a
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tightly regulated araC Py, activator-promoter cassette and
the presence of arabinose. Expression of the asdA and murA
genes is turned off by both absence of arabinose and
activation of a promoter that synthesizes anti-sense asdA and
murA mRNA to block translation of residual asdA and murA
mRNAs. The strain also possesses a deletion mutation to
eliminate synthesis of the colanic acid capsule that is
capable of protecting cells with defective cell walls from
lysing, a relA mutation that dissociates continuation of
growth from a dependence on continued protein synthesis
(to result in complete lysis) and two mutations that alter
arabinose uptake, retention and utilization. The later muta-
tion precludes deleterious acidification of growth media by
metabolism of arabinose.

When this host-vector is used to orally immunize mice,
the bacteria attach to the GALT, invade and by growth
colonize the mesenteric lymph node and spleen. With each
cell division the amounts of the Asd and MurA enzymes
decrease by half and ultimately become insufficient to
maintain cell wall synthesis resulting in cell lysis with
release of cell contents. We have constructed Asd* MurA™*
regulated lysis plasmid vectors with pSC101 ori, p15A ori,
pBR ori and pUC ori such that the regulated delayed lysis
vaccine strains will undergo varying numbers of cell divi-
sions from few to many, respectively, in vivo prior to lysis.
Since lysis liberates lipid A, which is an endotoxin, we have
engineered strains to synthesize the mono-phosphoryl lipid
A, which is non toxic and yet serves as an adjuvant agonist
of both murine and human TLR4. The regulated delayed
lysis vectors have also been constructed with the Lacl
regulatable promoter P, and we have inserted genes for
various protective antigens with or without sequences
encoding one of a diversity of type 2 secretion systems
(T2SS) that can export antigen out of vaccine cells prior to
lysis with liberation of a bolus of antigen. When using this
system, we include a ArelA::TT araC Py, lacI TT deletion-
insertion mutation so that growth of the strain in the pres-
ence of arabinose causes synthesis of Lacl to initially repress
synthesis of protein antigens encoded by sequences under
the control of P,,. As a consequence of cell division in vivo
during colonization of lymphoid tissues, Lacl becomes
diluted and expression of P,,. controlled genes commences
with synthesis of the protective antigen to stimulate induc-
tion of immune responses. In all cases the regulated delayed
lysis phenotype is totally attenuating with no persistence of
vaccine cells in vivo and no survival of vaccine cells if
excreted. This regulated delayed lysis system has been
described by Kong et al. (2008. Regulated programmed lysis
of recombinant Sa/monella in host tissues to release protec-
tive antigens and confer biological containment. Proc. Natl.
Acad. Sci. USA 105:9361-9366) and Curtiss and Kong (US
Patent 2006/0140975).

Example 2

Delivery of Woodchuck Hepatitis Core Particle
Influenza M2e Fusion by Recombinant Attenuated
Salmonella Vaccine (RASV) with Regulated
Delayed Attenuation and Regulated Delayed Lysis
Phenotypes

The highly conserved ectodomain of the influenza M2
protein (M2e) has been shown to provide broad-spectrum
protection against multiple influenza subtypes. With the
recent emergence of influenza A subtypes like HSN1 that are
capable of causing human disease, it becomes imperative to
design a vaccine that induces cross protective immunity.



US 9,481,888 B2

39

Thus, we incorporated the highly immunogenic conserved
M2e epitopes from both human and avian influenza into the
core antigen of woodchuck hepatitis virus (WHcAg). We
also did comparative studies using the less manipulatable
HBYV core and delivered the WHV and WHV core-M2e
fusions on pBR ori and pUC ori vectors from Salmonella
vaccine strains with and without regulated delayed lysis.
Strains with regulated delayed lysis and employing pUC ori
lysis vectors induced the highest antibody titers (log 2 14 to
16), but were not totally protective in mice challenged with
high doses of influenza virus. However, with low dose
challenges there was survival to challenge with a modest
lessening of weight loss after challenge. Thus, delivery of
the human and avian M2e antigens will contribute to a
modest level of protection that should be influenza strain
non-specific but will be insufficient and thus inadequate as
a stand-alone vaccine. Our results are thus similar to results
obtained by others.

To construct RASVs, the codon optimized WHc-M2e
fusion construct (569 bp) was individually ligated into three
vectors in order to determine optimal expression conditions.
The gene encoding the fusion protein was cloned into the
Asd* expression vectors pYA3341 (pUC ori), pYA3342
(pBR ori) and the lysis vector pYA3681 (pBR ori) to yield
plasmids pYA4037, pYA4038 and pYA3664, respectively
(FIG. 1). Plasmids were transformed into appropriate S.
Typhimurium strains to yield ¥8025(pYA4037), %8025
(pYA4038), and %8888(pYA3664).

To investigate the immunogenicity of the WHc-M2e
fusions delivered by RASV, we compared the immunoge-
nicity of strains ¥8025(pYA4037) and % 8888(pYA3664) in
mice orally immunized on days 1 and 21. Serum IgG
responses to M2e, the woodchuck hepatitis virus core par-
ticle and purified S. Typhimurium LPS were measured by
ELISA. All of the vaccinated groups had significantly
(P<0.01) higher anti-M2e titers than mice immunized with
the vector control strain ¥8025(pYA3342) and BSG control
mice. Mice immunized with strain ¥8888(pYA3664)
achieved significantly higher anti-M2e titers than those
immunized with ¥8025(pYA4037) at all three time points
(P<0.01) (FIG. 2A).

Similar results were seen with regards to the antibody
response to WHc particles (FIG. 2B). All of the vaccinated
groups had significantly (P<0.01) higher titers than mice
immunized with the vector control strain ¥8025(pYA3342)
and BSG control mice. Mice immunized with strain %8888
(pYA3664) achieved higher anti-WHc titers than those
immunized with ¥8025(pYA4037) at all three time points
(P<0.01). In contrast, LPS titers did not significantly differ
between any Sa/monella vaccinated group (FIG. 2C)
(P>0.05). These results indicate that the WHc-M2e fusion
protein delivered by strain %8888 exhibiting regulated
delayed lysis in vivo induced higher antibody titers in mice
than when delivered by the non-lysing strain 8025. Addi-
tionally, since the anti-LPS IgG responses in all groups,
including the vector control, were not significantly different
this difference is most likely due to more efficient delivery
of the antigen rather than a difference in fitness between the
strains.

To determine whether the RASV delivered WHc-M2e
fusions provided protection against influenza, we challenged
immunized mice with either 1x10® or 1x10* TCIDs, of
rWSN M2 avian. At the low dose challenge we observed
weight loss in all groups through day 8 post-infection. On
days 8 through 12 the groups vaccinated with %8888
(pYA3664) had significantly higher (P>0.05) average
weight than the other groups, signifying an earlier recovery
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from infection than the BSG control, vector control or
%8025(pYA4037) groups (FIG. 3A). At the high challenge
dose we observed no difference in average weight through-
out the 14 days period and the survival rates were 70% and
60% for ¥8025(pYA4037) and %8888(pYA3664), respec-
tively (FIG. 3B). The BSG and vector control groups had
survival rates of 30% and 20% respectively (FIG. 3B). In
summary, lower dose groups receiving %8888(pYA3664)
had a more rapid recovery in body weight compared to both
%8025(pYA4037) and the controls, whereas at a higher dose
groups receiving either vaccine had a relatively higher rate
of survival as compared to the controls. We also systemati-
cally made constructs for WHV core delivery of M2e and
NS1 epitopes. We have completed fusions of the C-terminal
portion of influenza virus NS1 epitopes from A/Udorn/72
(H3N2) with the Woodchuck hepatitis virus (WHV) core
either alone at the spike; or with the M2e at the spike and
NS1 at the C-terminus in derivatives of the Asd* vectors
pYA3342 (pBR ori) and pYA3681 (pBR ori with arabinose
controlled murA and asd genes for a delayed lysis pheno-
type) with both codon optimization and non optimized
configuration. Insertion of NS1 epitope at the spike of codon
optimized and non-optimized WHC in pYA3342 resulted in
pYA4447 and pYA4448, while the non-codon optimized
construct in pYA3681 created pYA4496. Insertion of NS1 at
the C-terminus with M2e at the spike of codon-optimized
and non-codon optimized WHC in pYA3342 gave pYA4444
and pYA4445, while the non-codon optimized construct in
pYA3681 gave pYA4448. The vector control, pYA4469, was
constructed by eliminating the M2e sequence from
pYA4058 and re-ligating. Each of these vectors were tested
for monomer formation by SDS-PAGE and western blots,
core formation by electron microscopy and plasmid stability
for over 50 generations. The newer Salmonella strains
mentioned previously, ¥9505 (Apmi A(gmd-fcl) AP,,::TT
araC Pg,p, fur AP, =TT araC Py, crp AasdA:TT araC
Pg.p €2 AaraE AaraBAD ArelA::araC Py, ., lacI TT AendA)
and lysis strain %9447 (Apmi A(gmd-fcl) AP, =TT araC
Pgup Tur AP, TT araC Py, 1, crp AasdA::TT araC Py, €2
AaraE AaraBAD ArelA::araC P, lacITT AP, ,::TT araC
Pg,» murA AendA) were assessed for their abilities to
invade into human intestinal epithelial cells (Int-407), and
were used to immunize mice with the above derivatives of
pYA3342 and pYA3681. Blood drawn at the 4” and 6*
weeks post vaccination was tested for the presence of
antibodies against NS1, M2e, WHC and LPS. Mice were
challenged with 10° TCID,, of the A/Udorn/72 strain of
influenza virus 7 weeks post vaccination. The results indi-
cated that mice immunized with the C-terminus of the NS1
peptide are capable of conferring protection against weight
loss after viral challenge. This means that the NS1 epitope
is a promising candidate for inclusion in our final vaccine
construction.

Example 3

Construction of S. Typhimurium Vaccine Strains
with the Regulated Delayed Lysis Phenotype to
Release DNA Vaccine Vectors Encoding Influenza
HA and NA Antigens

Another initial objective was to develop the regulated
delayed lysis vector system to deliver to the cytosol a DNA
vaccine encoding influenza HA and NA antigens that would
be synthesized by the immunized animal host. It was this
objective that motivated most of our effort to develop the
regulated delayed lysis system. Initially, we construct a
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DNA vaccine vector with all the attributes of the regulated
delayed lysis vector described above but possessing a CMV
promoter to enable expression of cloned genes encoding
protective HA and NA antigens in eukaryotic cells. Although
modest results were obtained in inducing antibodies to
influenza antigens, we soon realized the necessity to make
more substantial improvements in the vector system. We
have further improved our DNA vaccine vector by using a
repeated DNA nuclear targeting sequence/enhancer (from
SV40) and observed rapid import of the vector into the host
nucleus as measured by the expression of a GFP reporter. We
then added recognition sequences for the binding of tran-
scriptional factors, such as NF-kB and AP-2, and improved
the plasmid stability by replacing the nuclease sensitive poly
adenylation encoding sequence with one from a DNA virus
selected during evolution to withstand activities of host
DNases. All these changes significantly improved expres-
sion when the DNA vaccine vector with a GFP reporter was
used to transfect several different avian, murine and human
cell lines in culture. The resulting DNA vaccine vector thus
has the regulated delayed lysis multi-component cassette
(having the same elements described above), the optimized
eukaryotic expression system (in place of the bacterial
expression system) and a high-copy number pUC ori. The
resulting DNA vaccine vector pYA4545 has been engineered
to specify synthesis of several different influenza HA anti-
gens from avian (H3, HS and H7) and mammalian (H1 and
H3) influenza viruses. These have been constructed with and
without C-terminal SopE fusions to hopefully facilitate
ubiquination and targeting to the proteosome for MHC class
1 presentation.

Example 4

Delivery of a Eight-Unit One-Plasmid Expression
System by an Engineered Sa/monella Vaccine
Strain with a Regulated Delayed Lysis System to
Enable Synthesis of Influenza Virus in Eukaryotic
Cells and in Immunized Animals

As part of our ongoing attempts to develop a DNA
vaccine against influenza virus, we constructed a novel
eight-unit single plasmid system that expresses all the viral
RNAs and internal proteins to generate influenza virus in
cultured cells. An obvious application of this technology, if
successful, would be to deliver the expression plasmid using
a Salmonella bacterium with all the attributes discussed
above for DNA vaccine delivery into host cells of an
immunized animal host. Upon successful colonization fol-
lowed by invasion of cells within the host, the recombinant
Salmonella strain would undergo programmed regulated
delayed lysis releasing the cytoplasmic contents along with
the expression plasmid construct into the cytosol. We iden-
tified three essential factors that needed to be considered to
achieve our goal: a) expression of virus from a minimal
number of plasmid constructs, b) a suitable recombinant
attenuated Salmonella strain that would invade the host
lymphoid tissue and also delay apoptosis/pyroptosis events
to enable plasmid delivery in the cytosol, and ¢) successful
entry of the plasmid construct into the host cell nucleus for
transcription of viral cDNA. We have now developed a more
comprehensive expression-plasmid system to generate influ-
enza virus. We used influenza A/WSN/1 virus in our studies.
By use of reverse genetics in conjunction with a dual
promoter system, we constructed a 23.61 kb plasmid
(pYA4519) with a p15A ori. The plasmid is designed to
transcribe VRNA from cDNA fragments of M, NS, NA, NP,
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PA, PB2, PB1, NP and HA of influenza virus, each under the
control of the Poll unit (chicken polymerase I promoter and
murine terminator) and mRNA of the viral polyermase
complex (PA, PB1, PB2) as well as the nucleoprotein (NP),
each under the control of the Polll unit (cytomegalovirus
promoter and bovine growth hormone poly-adenylation
sequence). The polymerase complex and the nucleoprotein
associate with the vVRNAs to form the ribonucleoproteins
(RNPs) that are minimal critical units for the transcription
and replication of VRNAs. As a means to measure viral
c¢DNA expression from the plasmid we used a reporter gene
(mcherry), and confirmed successful expression of mcherry
upon transfection of the plasmid into cultured chicken
embryo fibroblasts (CEFs). We improved the nuclear import
efficiency of the eight-unit plasmid by adding the promoter/
enhancer region of simian virus 40 (SV40) and NF-kB
binding sequence. These improved plasmid constructs were
delivered into a co-culture of CEFs and MDCK using the
carrier S. Typhimurium %9834 (AasdA-33 Aalr-3 AdadB4
ArecA62, a genotype that leads to cell wall-less lysis) and
successful influenza virus generation was observed by mea-
suring hemagglutination and by quantitating virus produc-
tion from the cell cultures. These data indicated that our
novel eight-unit single plasmid expression system to gener-
ate influenza virus was successful and with the current
knowledge available in employing the right Salmonella
strains for DNA vaccine delivery, we are confident of
developing a vaccine to immunize chickens against influ-
enza infection.

Our plasmid construct can facilitate the design of a much
simpler approach to develop influenza vaccine seeds using a
“1+2” approach (as opposed to the currently used “2+6”
approach), where the first plasmid (such as pYA4562 with
deletion of HA and NA cassettes) provides the 6 segments of
influenza viral genome from either the high productive strain
PR8 (A/PR/8/34) or the cold-adapted strain (e.g. A/AA/6/
60) and the other two plasmids provide HA and NA elements
of the epidemic strain. Alternatively, the HA and NA seg-
ments of the model virus strain can be replaced with those
of the epidemic strain (in our expression vector) to generate
influenza virus from a single plasmid. We validated this
expectation by constructing a plasmid (derivative of our
improved pYA4562 vector) encoding an attenuated virus.
We chose the influenza A virus (A/chicken/TX/167280-4/
02(H5N3)) for this purpose. This virus is an isolate from
White Leghorns chickens and belongs to a low pathogenic
avian influenza virus. The viral HA segment Tx02HA)
shares homology with low pathogenic virus and hence
makes an ideal challenge strain. Based on these consider-
ations, a Tx02HA expression cassette CPI-Tx02HA-MTI
was constructed to replace the WSN HA cassette in
pYA4519 to obtain plasmid pYA4693. Delivery of this
plasmid into the host (by an appropriate bacterial carrier)
yielded an avian influenza virus of low pathogenicity suit-
able for immunization of poultry. This reconstruction with
substitution of the HA gene only took one week. In other
applications, the sequence encoding the influenza virus can
be modified to attenuate the strain’s ability to cause disease
symptoms without eliminating or adversely altering its
immunogenicity, such that the immunized bird (animal)
develops protective immunity against influenza virus. For
more details, see Zhang, X., W. Kong, S. Ashraf, R. Curtiss
III. 2009. A “one-plasmid” system to generate influenza
virus in cultured chicken cells for potential use in influenza
vaccine. J. Virol. 83:9296-9303.
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Example 5

Improvements in Balanced-Lethal Host-Vector
Systems

To eliminate use of plasmid vectors with non-permitted
drug resistance genes and to stabilize plasmid vectors in
RASV strains in vivo, we developed a balanced-lethal
host-vector system. This balanced-lethal host-vector system
is based on the structure of peptidoglycan, which makes up
the rigid layer of the bacterial cell wall. Peptidoglycan
consists of a crystal lattice structure made up of the two
amino-sugars N-acetylglucosamine (GlcNAc) and N-acetyl-
muramic acid (MurNAc). MurNAc is cross-linked via the
four amino acids L- and D-alanine, D-glutamic acid and
mesodiaminopimelic acid (DAP). The asdA gene encodes
aspartyl semi-aldehyde dehydrogenase which is essential in
the conversion of L-aspartate to DAP. Without this gene and
its product the structure fails to crosslink and falls apart
resulting in lysis of the bacterial cell. We have deleted the
asdA gene in our strains and inserted it into our vectors. This
makes our vaccine strains absolutely dependent upon the
presence of a vector containing the wild-type asd gene and
serves to maintain the vector inside the host strain. Since
overexpression of this gene, which results from expressing
it on a high copy number plasmid such as those with a pUC
origin of replication (ori), also attenuates the strain we
modified the Shine-Dalgarno (SD) sequence for lower
expression.

Example 6

Progress in Achieving Regulated Delayed
Attenuation

Pathogenic bacteria may be attenuated by mutation so that
upon infection, host disease symptomology is not elicited.
Most means of attenuation, however, make live vaccine
strains more suceptible than wild-type strains to environ-
mental stresses encountered after inoculation into the animal
or human host. Consequently, fewer bacteria survive to
colonize the GALT, NALT and/or BALT with a reduction in
effective immunogenicity of the vaccine. Thus these attenu-
ation mechanisms hyperattenuate the vaccine, precluding
the candidate vaccine from either reaching or persisting in
lymphoid tissues to a sufficient extent or duration to permit
induction of a protective immune response against the
wild-type pathogen of interest. Thus in attenuating bacteria,
particularly enteric bacteria, one must balance the bacteria’s
ability to survive in very stressful environments and invade
the Gut Associated Lymphoid Tissue (GALT) with its ability
to cause disease in the host. We have therefore developed
two means to achieve a regulated delayed attenuation phe-
notype so that vaccine strains, at the time of immunization,
exhibit nearly wild-type attributes for survival and coloni-
zation of lymphoid tissues and after five to ten cell divisions
become avirulent. The first strategy makes use of pmi
mutants that lack the phosphomannose isomerase needed to
interconvert fructose-6-P and mannose-6-P. Therefore
strains with the Apmi mutation grown in the presence of
mannose synthesize a complete LPS O-antigen but lose LPS
O-antigen side chains after about seven generations of
growth in medium devoid of mannose or in tissues since
non-phosphorylated mannose, required for uptake to syn-
thesize O-antigen, is unavailable. To ensure that all mannose
provided to the vaccine during growth prior to immunization
is directed at LPS O-antigen synthesis as well as prevent
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colonic acid production, we include the A(gmd-fcl) mutation
that deletes two genes that encode enzymes for conversion
of GDP-mannose to GDP-fucose and thus prevents synthesis
of colanic acid that could protect lysing bacteria from death.
This mutation does not alter the attenuation, tissue-coloniz-
ing ability or immunogenicity of a strain with the Apmi
mutation alone. RASV strains with the Apmi mutation
induce higher antibody titers to the expressed protective
antigen than to LPS. Our second strategy uses a system for
regulated delayed lysis in vivo that provides a means for
both attenuation and biological containment. For more
details, see Curtiss, R. III., X. Zhang, S. Y. Wanda, H. Y.
Kang, V. Konjufca, Y. Li, B. Gunn, S. Wang, G. Scarpellini,
and I. S. Lee. 2007. Induction of host immune responses
using Sal/monella-vectored vaccines, p. 297-313 In K. A.
Brogden, F. C. Minion, N. Cornick, T. B. Stanton, Q. Zhang,
L. K. Nolan, and M. J. Wannemuehler (eds.). Virulence
Mechanisms of Bacterial Pathogens, 4” ed., ASM Press,
Washington, D.C.; and Curtiss, R. III, S. Y. Wanda, B. M.
Gunn, X. Zhang, S. A. Tinge, V. Ananthnarayan, H. Mo, S.
Wang, and W. Kong. 2009. Sal/monella strains with regu-
lated delayed attenuation in vivo. Infect. Immun. 77:1071-
1082.

Example 7

Construction of RASV Strains to Exhibit Regulated
Delayed Synthesis of Cloned Genes

Over-synthesis of protective antigens, which may be
necessary to induce protective immunity to diverse enteric
pathogens by RASV strains, can reduce colonizing ability
and thus immunogenicity. It was for this and other reasons
that Chatfield et al. proposed the use of the nirB promoter
that is more active anaerobically than aerobically in accord
with a more likely in vivo anaerobic environment (e.g. lower
intestine). The P,,. promoter that we have used in our lysis
system is constitutive under most environments but is more
transcriptionally active both anaerobically and aerobically
than the nirB promoter. To enable controlled expression by
the Lacl regulatable P,,., we generated the optimized ArelA::
araC Py, ,, lacl TT insertion-deletion mutation (FIG. 4A) (P
stands for promoter, TT stands for transcriptional terminator.
The cloning of a sequence encoding a protective antigen
under P, control enables the regulated delayed antigen
synthesis to facilitate vaccine strain colonization since
growth of the vaccine strain in LB broth with 0.2% arab-
inose causes synthesis of Lacl due to the ArelA::araC Pz,
lacl TT deletion-insertion mutation. This technology has
been improved to increase expression of the lacl gene
40-fold by changing the SD sequence from AGGG to
AGGA, the lacl start codon from GTG to ATG and by
changing lacl codons to maximize translation efficiency in
Salmonella. No antigen burden effect was seen in mice
immunized with the vaccine strains that includes a regulated
delayed antigen synthesis system, and those vaccine strains
induce greater antibody response to the synthesized protec-
tive antigen. For more details, see Curtiss, R. III., W. Xin, Y.
Li, W. Kong, S. Y. Wanda, B. M. Gunn, and S. Wang. 2010.
New technologies in using recombinant attenuated Salmo-
nella vaccine vectors. Crit. Rev. Immunol. 30:255-270.

Two other attributes of the regulated delayed lysis strain
have been improved by additional genetic modifictions.
First, we wanted to improve the efficiency with which the
strain invaded into a diversity of cells within an immunized
individual. Two solutions have been accomplished. We
discovered and recently reported that the leucine binding
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protein Lrp is a repressor of the hilA gene and other
Salmonella pathogenicity island 1 (SPI-1) genes encoding
the invasion phenotype discovered by Galan and Curtiss 20
years ago. Deletion of the lrp gene thus causes an elevated
constitutive expression of invasion genes and significantly
enhances the induction of hightened immune responses most
noticeable sooner after oral immunization than seen when
using isogenic Lrp™ strains. The second means has been to
construct and evaluate strains in which we replaced the hilA
gene promoter with a modified P,,. promoter in which we
deleted the sequence recognized by the Lacl repressor as
described further below. This was necessary since we over
express an arabinose regulated lacl gene during growth of
vaccine strains to give the regulated delayed protective
antigen synthesis phenotype that enhances effective coloni-
zation of lymphoid tissues. The S. Typhimurium strain 9971
carrying this mutation for constitutive expression of hilA
was able to invade and replicate in human intestinal Int-407
cells and colonize in mouse tissues in significantly greater
numbers than the wild-type strain.

The second strain improvement was due to the fact that
invasive Salmonella induce pyroptosis/apoptosis in a frac-
tion of infected macrophages, and is described in Example
9 below.

Example 8

Construction of Hyper-Invasive Strains for Efficient
Delivery of Protective Antigens, DNA Vaccine
Vector, and Eight-Unit One-Plasmid System

Two major mechanisms of bacterial uptake in the gut have
been described. In the first, microfold (M) cells in the gut
serve to transport fluids, nutrients and bacteria, including
pathogens, such as Salmonella, that have learned to exploit
this cell type. The second mechanism is mediated by den-
dritic cells scattered throughout the intestinal epithelium that
snatch bacteria from the lumen by extending their dendrites
into it. The expression of genes required for invasion of M
cells is tightly regulated by environmental conditions and a
variety of regulatory genes. The hilA (hyper-invasion locus)
regulator encodes an OmpR/ToxR family transcriptional
regulator that activates the expression of invasion genes in
response to both environmental and genetic regulatory fac-
tors. The regulation of hilA expression is a key point for
controlling expression of the invasive phenotype. The
known positive regulators of hilA include csrAB, sirAlbarA,
pstS, hilClsirClsprA, fis, and hilD, and the known negative
regulators include pag, lon, hha, etc. To improve M cell
mediated Salmonella invasion, we constructed four different
versions of hilA promoter region by replacing its native
promoter with P, (which ensures constitutive expression of
hilA) or by introducing various mutations in it to alter the
level of hilA expression. Firstly, we replaced the hilA
promoter with the P,,. promoter that lacks the operator lacO
sequence to enable constitutive synthesis of HilA even when
the lacl gene in the host strain is expressed. This creates a
AP, P, nsmcosss DilA deletion-insertion mutation. The
resulting strain is ¥9971. Secondly, the downstream AT track
sequence that is recognized by the nucleoid-associated pro-
tein H-NS to silence hilA gene expression, was deleted from
the hilA gene promoter region of S. Typhimurium UK-1 to
create AP, ,::P,., ,»5s5 hilA deletion-insertion mutation. The
resulting strain is ¢9973. Third, both upstream and down-
stream AT track sequences were deleted from the hilA gene
promoter region of S. Typhimurium UK-1 to create AP, ,::
Pir4256 hilA deletion-insertion mutation. The resulting
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strain is ¥9974. The S. Typhimurium strains 9973 and
%9974 colonize in mouse tissues in significantly greater
numbers than the wild-type strain when mice are immunized
intranasally. The S. Typhimurium strain %9971 (AP,
P, rtscosss MIA) (FIG. 4B) was able to invade and replicate
in human intestinal Int-407 cells (MOI 50:1) and colonize in
mouse tissues in significantly greater numbers than the
wild-type strain (FIG. 5 and FIG. 6) when mice are immu-
nized orally. We inserted AP, ,::P,,.ascoss5 DA deletion-
insertion mutation into S. Typhimurium vaccine strains dis-
playing regulated delayed lysis phenotype to allow sufficient
delivery of protective antigen, DNA vaccine and eight-unit
one-plasmid expression system.

Example 9

Reduction of Salmonella-Induced Host Cell
Pyroptosis/Apoptosis to Increase the Efficiency of a
DNA Vaccine Delivered by Salmonella

Invasive Sal/monella has been reported to induce pyrop-
tosis/apoptosis in a fraction of infected macrophages and
this is likely to diminish the transcription of a DNA vaccine
after trafficking to the nucleus. Macrophage infection by
Salmonella triggers caspase-1-dependent proinflammatory
programmed cell death, a recently recognized process
termed pyroptosis, which is distinguished from other forms
of cellular demise by its unique mechanism, features and
inflammatory outcome. Salmonella expressing the SPI-1
T3SS and flagellin rapidly trigger caspase-1-dependent
pyroptosis of infected macrophages. Strains harboring muta-
tions in genes encoding the SPI-1 T3SS, including invA,
invG, invl, prgH, sipB, sipC, sipD and spaO are not cyto-
toxic. Meanwhile, caspase-1-mediated delayed macrophage
death requires the SPI-2 T3SS, and mutations in the genes
encoding the SPI-2 T3SS, or its regulators, render Salmo-
nella unable to stimulate delayed cell death. Ssel., a Salmo-
nella deubiquitinase, is required for Sa/monella-induced
cytotoxicity of macrophages. Salmonella ssel. mutant
strains did not show a replication defect or induce altered
levels of cytokine production upon infection of macrophages
but were defective for the delayed cytotoxic effect. Another
key component in triggering caspase-dependent host cell
apoptosis is a large virulence-associated plasmid of Salmo-
nella. The tlpA gene encoding a temperature-sensing protein
TlpA, like the spy genes in S. enterica subspecies I, is
located on the virulence plasmid. The tlpA and spvB are two
of the most up-regulated genes in Salmonella-infected mac-
rophages. A motif present in the tlpA promoter is also found
in certain virulence-related genes, both on the virulence
plasmid (spvA) and on the chromosome (prgH encoding
PrgH and orgA encoding OrgA) of Salmonella. Both PrgH
and OrgA strongly induce pyroptosis/apoptosis in Salmo-
nella-infected macrophage. We therefore deleted the tlpA
gene and demonstrated that a strain with this mutation
significantly increased ability to invade and replicate in
Int-407 cells and colonize mouse tissues in significantly
greater numbers than the wild-type strain. Since the Salmo-
nella-induced pyroptosis/apoptosis may interfere with the
ability of a DNA vaccine to traffic to the nucleus of host cells
to be transcribed leading to antigen synthesis and modifi-
cation in the cytoplasm, we have investigated the means
reducing Salmonella-induced host cell pyroptosis/apoptosis
to determine whether this enhances efficacy of DNA vaccine
delivery. Four mutat strains (%9923: AtlpA181; %9924: A
sselL116; %9925: AsipB178; and %9926: AspvB177) have
been constructed to reduce bacterial-induced apoptosis of
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the host cell. The S. Typhimurium strains %9923 (AtlpA181)
and %9924 (AsselL116) significantly increased the ability of
invasion and replication in Int-407 (FIG. 6), and colonized
in mouse tissues in significantly greater numbers than the
wild-type strain, although they have similar LDy, values in
comparison with the wild-type strain when mice immunized
orally. We constructed S. Typhimurium strains with both
AtlpA181 and Assel.116 mutations. An S. Typhimurium
strain with inactivation of the sselL and tlpA genes invades
and replicates in cultured cells better than single mutants.
We also constructed an S. Typhimurium strain with the
constitutive expression of hilA and inactivation of the ssel.
or tlpA genes. In addition, the S. Typhimurium triple mutant
that lacks ssel. and tlpA as well as consitutively expresses
hilA was also constructed. All these mutations described
above were introduced into the lysis system host strains and
we are currently evaluating the efficiency of the protective
antigen, eight-unit one-plasmid expression system and DNA
vaccine delivery by lysis system host strains with those
mutations. We will also test other means to reduce/delay
pyroptosis/apoptosis such as determining whether using a
strain with total absence of flagella enhances vaccine effi-
cacy. Based on these discoveries, we have constructed two
sets of S. Typhimurium strains (FIGS. 23A and B) for
multiple antigens or/and DNA vaccine delivery. These
strains may be applied to develop and evaluate future
vaccines.

Example 10

Construction and Evaluation of RASV Strains for
Type II or/and Type III Secretion System Delivery
of Eimeria Antigens

We constructed and evaluated RASV strains to deliver an
antigen directly into the cell cytoplasm of the immunized
host and into the MHC class 1 antigen-processing pathway,
using the Salmonella type 111 secretion system (T3SS), for
induction of CMI and antigen-specific cytotoxic T-lympho-
cyte responses in particular. The T3SS, a needle-shaped
organelle of Salmonella consisting of over 20 structural or
secreted proteins, is critically important during the intestinal
phase of infection. The T3SS enables Sa/monella to inject its
effector proteins into the cytoplasm of the host cell and
modulate its cellular functions and signal transduction path-
ways. To accomplish this goal, Eimeria genes encoding the
sporozoite antigen EASZ240 and the merozoite antigen
EAMZ250 were fused to the S. Typhimurium effector protein
gene sptP in the parental pYA3653 vector, yielding
pYA3657 and pYA3658, respectively. Attenuated Salmo-
nella strain %8879 (AphoP AsptP::xylE AasdA) harboring
pYA3657 or pYA3658 were used to orally immunize day-
of-hatch chicks and colonization of the bursa, spleen, and
liver was observed. In vitro experiments show that the
EASZ240 antigen is secreted into the culture supernatant via
the T3SS and that it is delivered into the cytoplasm of
Int-407 cells by the T3SS. In vivo experiments indicate that
both humoral and cell-mediated immune responses were
induced in chickens vaccinated with a recombinant attenu-
ated S. Byphimurium vaccine, which led to significant pro-
tection against Eimeria challenge. In order to diversify the
repertoire of induced immune responses against Eimeria, we
also developed RASVs against avian coccidiosis to deliver
Eimeria species antigens via the type 3 secretion system
(T3SS) and the type 2 secretion system (12SS) of Salmo-
nella. In contrast to the T3SS, the T2SS has been shown to
induce Th1/Th2 immune responses with antibody titers to
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heterologous antigens that rival the antibody titers to lipopo-
lysaccharide, a Salmonella antigen. For antigen delivery via
the T3SS, the F. terella gene encoding sporozoite antigen
SO7 was cloned downstream of the translocation domain of
the S. Typhimurium sopE gene in the parental pYA3868 and
pYA3870 vectors to generate pYA4156 and pYA4157.
These plasmids were introduced into RASV strain ¥8879
(AphoP AsptP::xylE AasdA). The vector pYA4184 was
constructed for delivery of the SO7 antigen via the T2SS.
The SO7 protein was toxic to Salmonella when larger
amounts were synthesized; thus, the synthesis of this protein
was placed under the control of the Lacl repressor, whose
synthesis in turn was dependent on the amount of available
arabinose in the medium. The pYA4184 vector was intro-
duced into host strain %9242 (AphoP AasdA AaraBAD
ArelA::araC Py, lacl TT (TT is the T4iplll transcription
terminator). In addition to SO7, for immunization and
challenge studies we used the EAMZ250 antigen of F.
acervulina, which was previously shown to confer partial
protection against E. acervulina challenge when it was
delivered via the T3SS. Immunization of chickens with a
combination of the SO7 and EAMZ250 antigens delivered
via the T3SS induced superior protection against . acer-
vulina challenge. In contrast, chickens immunized with SO7
that was delivered via the T2SS of Salmonella were better
protected against F. tenella challenge infection.

Example 11

Host Strain Modification to Enable Immediate or
Regulated Delayed Escape from the Endosome
Compartment into the Cytosol

Salmonella invasion into host cells generally results with
the bacterium residing in an endosomal compartment, often
termed the Sa/monella-containing vacuole. The release of a
DNA vaccine due to programmed lysis of a Sa/monella cell
within this endosome would be unlikely to stimulate a strong
immune response due to difficulties that the DNA vaccine
molecule would encounter in getting to the nucleus for
transcription of the protective antigen-encoding gene. We
have solved this problem through the deletion of sifA. The
sifA gene encodes a Type Il secreted effector protein that
governs conversion of the Salmonella-containing vacuoles
into filaments and inactivation of sifA leads to escape of
Salmonella into the cytosol. We have therefore constructed
a AsifA mutation that immediately upon invasion into a host
cell permits Sal/monella to exit the endosome and rapidly
multiply in the cytoplasm similar to the way Shigella
escapes and then rapidly multiplies in the cytoplasm. We
also have the AP, ,::TT araC P, sifA deletion-insertion
(FI1G. 7), using the same arabinose promoter used previously
to replace the original sifA promoter. This mutation enables
a regulated delayed escape from the endosome so that lysis
occurs in the cytoplasm of cells. We have investigated
induction of antibody and antigen-dependent lymphocyte
proliferation using delayed regulated lysis S. Typhimurium
host strain ¥8966 (8888 with deletion-insertion mutation
AP TT araC Pp,,, sifA) by delivering pYA3674
(pYA3650 encoding an E. acervulina sporozoite antigen) to
chickens. Antigen-dependent lymphocyte proliferation was
observed after immunization with %8966 (pYA3674) (FIG.
8).
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Example 12

Construction of S. Typhimurium Vaccine Strains
with Regulated Expression of Genes for the
Synthesis of Essential Components of the
Peptidoglycan Layer of the Bacterial Cell Wall
Enabling Regulated Delayed Lysis after
Colonization of Effector Lymphoid Tissues in
Order to Release Antigens In Vivo and Confer
Complete Biological Containment

To eliminate use of plasmid vectors with non-permitted
drug resistance genes and to stabilize plasmid vectors in
RASVs in vivo, over 20 years ago, we developed a bal-
anced-lethal host-vector system using a vaccine host strain
with deletion of the asdA gene to impose an obligate
requirement for diaminopimelic acid (DAP) and a plasmid
vector with the wild-type asdA gene. Diaminopimelic acid
(DAP) and muramic acid are essential components of the
peptidoglycan layer of the bacterial cell wall. The asdA gene
encodes an enzyme essential for DAP synthesis and the
murA gene encodes the first enzyme in muramic acid
synthesis. We have devised a regulated lysis system using
attenuated S. Typhimurium strains that for antigen delivery
after colonization of host lymphoid tissues relies on using a
more tightly regulated araC Pz ,,, activator-promoter than
the original sequence from E. coli B/r. This system is
composed of two parts. The first component is S. Typhimu-
rium strain %8937 (AasdA::TT araC Py, c2 AP, TT
araC P, murA A(gmd-fcl) ArelA AendA) (FIG. 9), with
deletions of asdA and arabinose-regulated expression of
murA, two genes required for peptidoglycan synthesis and
additional mutations to enhance complete lysis and antigen
delivery. Unlike lethal asdA deletions, which can be over-
come by the addition of DAP to the growth medium, murA
deletions, also lethal, cannot be overcome by nutritional
supplements. Therefore, a conditional-lethal murA mutation
was created by replacing the chromosomal murA promoter
with the araC P, activator-promoter. Although arabinose
is present in plant foods, most is in a complex form such that
growth of these strains in media made from chicken feed or
mouse food is not possible unless there is supplementation
with arabinose. A strain with the AP, ,::TT araC Py,
murA deletion-insertion mutation undergoes about two cell
divisions and then commences to lyse in media made of
mouse or chicken feed or chicken breast meat. The A(gmd-
fcl) mutation deletes genes encoding enzymes for GDP-
fucose synthesis, thereby precluding the formation of col-
anic acid, a polysaccharide made in response to stress
associated with cell wall damage. This mutation was
included because we have observed that under some condi-
tions, asdA mutants can survive if they produce copious
amounts of colanic acid. Therefore, by deleting the genes
required for colanic acid synthesis, we circumvent this
possibility. The ArelA mutation uncouples cell wall-less
death from dependence on protein synthesis to further
ensure that the bacteria do not survive in vivo or after
excretion and to allow for maximum antigen production in
the face of amino acid starvation resulting from a lack of
aspartate semi-aldehyde synthesis due to the asd A mutation.
The second component is plasmid pYA3681 (FIG. 10),
which encodes arabinose-regulated murA and asdA expres-
sion and C2-regulated synthesis of anti-sense asdA and
murA mRNA transcribed from the P22 P, promoter with
opposite polarity at the 3' end of the asdA gene. The
translation efficiency was reduced for both murA and asdA
genes by changing their start codon from ATG to GTG. An
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arabinose-regulated c¢2 gene is present in the chromosome
due to the AasdA::TT araC Py, c2 deletion-insertion. The
cloning of a sequence encoding a protective antigen is under
P,,.. control. Transcription terminators (TT) flank all of the
domains for controlled lysis, replication and expression so
that expression of a function in one domain does not affect
the activities of another domain. As a safety feature, the
plasmid asdA and murA gene sequences cannot replace the
chromosomal asdA and murA mutations. ¥8937(pYA3681)
exhibits arabinose-dependent growth. Upon invasion of host
tissues, an arabinose-free environment (FIG. 11), transcrip-
tion of asdA, murA and c2 ceases and concentrations of their
gene products decrease due to cell division. The drop in C2
concentration results in activation of Py, driving synthesis of
anti-sense mRNA to block translation of any residual asdA
and murA mRNA. This host-vector grows in LB broth with
0.2% L-arabinose as well as the wild-type strain %3761, but
is unable to grow in or on media devoid of arabinose since
it undergoes cell wall-less death by lysis. Vaccine strains
with this regulated lysis system are totally avirulent at oral
doses in excess of 10° CFU to BALB/c mice and, by release
of a bolus of protective antigen upon lysis, induce very good
immune responses. These vectors are ideal for delivery of
antigens that are difficult to secrete due to structural attri-
butes. In addition, they provide complete biological con-
tainment with no persistence in vivo and no survival if
excreted.

Example 13

Construction of S. Typhimurium Vaccine Strains
with Regulated Lysis Phenotype in Order to
Release DNA Vaccine Vector after Colonization of
Effector Lymphoid Tissues In Vivo and Confer
Complete Biological Containment

A second host-vector system was devised that harbors a
vector pYA3650 (FIG. 12A) with the same regulatory
domain that contributes to the lysis phenotype and a eukary-
otic expression promoter to use as DNA vaccine vectors for
release in situ by regulated delayed cell lysis in vivo and to
confer biological containment. Another beneficial feature of
this vector is the presence of 15 immune enhancing CpG
sequences in pYA3650. The S. Typhimurium host strain
%8888 has the AasdA::TT araC Py, c2, AP,,,,.,;TT araC
Py ,p» murA; A(gmd-fcl), AendA, AaraBAD and AaraE muta-
tions. To deliver DNA vaccine vectors, we included a AendA
mutation which eliminates the periplasmic endonuclease I
enzyme, to increase plasmid survival upon its release into
the host cell. The AaraBAD, which deletes the structural
genes for catabolism of arabinose thereby preventing use of
arabinose retained in the cell cytoplasm at the time of
immunization, and AaraE, which deletes gene for arabinose
transport and enhances retention of arabinose, mutations
would preclude breakdown and leakage of internalized
arabinose such that asdA and murA gene transcription on
pYA3650 continue for a cell division or two after oral
immunization. It should be emphasized, that all of the DNA
vaccine host-vector constructions derived from %8888 with
pYA3650 are strictly arabinose-dependent for growth in
liquid or on solid media. We have inserted the sequence
encoding E. acervulina sporozoite antigen (EASZ 240) into
DNA vaccine vector pYA3650 to yield pYA3674 (FIG.
12B). The vaccine strain %8888 (pYA3674) has been char-
acterized in vitro and in vivo for induction of immune
responses in chicks and the antibody response against E.
acervulina sporozoite antigen were very good using this
DNA vaccine vector delivery system.
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Example 14

Improved DNA Vaccine Vector to Enhance Plasmid
Nuclear Import and Resistance to Attack from
Eukaryotic Nucleases

Although use of non-viral DNA vaccine vectors offers
advantages, such as decreasing inflammatory responses,
gene expression in vivo remains much lower than observed
with their viral counterparts. One reason for such low
expression is that bacterial plasmids, unlike many viruses,
have not evolved mechanisms to target the nucleus in
non-dividing cells and make use of the cell’s protein syn-
thesis machinery to produce the antigen of interest. Plasmid
nuclear import is dependent on DNA nuclear targeting
sequences (DTS) several of which have been identified. The
DTS frequently contain transcription factor binding sites,
which allow transcription factors to bind to the plasmid in
the cytoplasm and escort it to the nucleus by the nuclear
localization signal-mediated machinery. The SV40
enhancer, which is known to bind to over 10 distinct
transcription factors, is an excellent DTS. The minimum
requirement for this function is a single copy of a 72-bp
element of the SV40 enhancer, in combination with the
CMYV immediate-early gene enhancer/promoter (CMV E/P).
We have also investigated the other means to enhance import
of the DNA vaccine vector into nuclei. The synthesis of
eukaryotic transcription factors, e.g., NF-xB and AP-2, is
stimulated by Salmonella infection. These transcription fac-
tors can bind to the non-viral DNA vaccine vectors, allowing
the nuclear locating signal to mediate import of plasmid
DNA into the nucleus. Nuclease degradation of DNA vac-
cine vectors after delivery and during trafficking to the
nucleus is another barrier that leads to inefficient DNA
vaccination. Homopurine-rich tracts in the bovine growth
hormone polyadenylation signal (BGH poly A) were iden-
tified as labile sequences, and replacement of BGH poly A
with SV40 late poly A has improved resistance to attack
from eukaryotic nucleases. To increase the efficiency of our
DNA vaccine vector system, we inserted the 72 bp DTS (I)
of the SV40 enhancer into pYA3650 and replaced the BGH
poly A with the SV40 late poly A to yield plasmid pYA4050.
These modifications resulted in a substantial increase in the
synthesis of EGFP (enhanced green fluororescent protein)
from plasmid pYA4050 in multiple cell lines tested. The 72
bp DTS (I) of the SV40 enhancer and an artificial DNA
binding sites (DTS (II)) of these eukaryotic transcription
factors stated above, were inserted as DNA nuclear targeting
sequences into pYA3650 (FIG. 12A). The artificial DNA
binding sites can also function as an enhancer since it was
inserted upstream of CMV E/P. We also replaced the BGH
poly A with the SV40 late poly A in pYA3650 to yield
pYA4545 (FIG. 13). DNA vaccine vector pYA4545 allows
rapid nuclear import and high-level synthesis of the
enhanced green fluorescent proteins (EGFP) in multiple
tested cell lines (FIGS. 14A and B). One additional benefi-
cial feature of pYA4545 is that it possesses 24 immune
enhancing CpG motifs that should contribute to innate
inflammatory responses in different animal hosts.

A dual function vector may be constructed that has the
ability to synthesize the protective antigen in the bacterium
and upon delivery of the DNA vaccine into the host, can also
express the gene when under the eukaryotic promoter. The
plasmid vector would hence carry two promoters for antigen
expression both in Sal/monella and in the vaccinated host
cells. First, a codon optimized gene under the control of P,,..
promoter would encode a protective antigen in Salmonella
and will be released into a vaccinated host upon pro-
grammed cell lysis of the bacterial carrier. Then, the (eu-
karyotic) P,,;- promoter will direct synthesis of protective
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antigen encoded by a codon-optimized gene for efficient
expression in the vaccinated host cells. The protective
antigen released due to the lysis of Salmonella will often
induce the neutralizing antibody responses to the pathogen,
and the DNA vaccine released simultaneously will express
the protective antigen in the vaccinated host.

Example 15
Rationale for Antigen Selection

Recent efforts to clone Eimeria spp. genes for use as
potential recombinant vaccines were directed toward the
goal of developing an alternative strategy for parasite con-
trol. A combination of antigen delivery strategies and use of
multiple protective antigens could lead to generation of a
more diverse immune response and possibly superior pro-
tection against challenge. Toward this end, many genes and
proteins have been explored as potential vaccine candidates.
A number of recombinant proteins have been used, often
with mixed results, to vaccinate against avian coccidiosis.
The SO7 antigen was described, to be located in the refrac-
tile body of E. tenella sporozoites. It is highly immunogenic
and elicits a strong antibody response in birds during natural
infections. Immunisation of 1-day-old chickens with recom-
binant SO7 induces a high degree of protection against
challenge infections not only against E. terella, but also
against Eimeria acervulina, Eimeria maxima and Eimeria
necatrix. Delivery of the SO7 antigen via attenuated Sal-
monella strains showed that there was induction of signifi-
cant antibody titers (IgG and IgA) to this antigen in immu-
nized chickens, although no cell-mediated immune
responses or Eimeria challenge studies were described. We
have delivered the SO7 antigen via the T3SS and T2SS of
Salmonella that induce antigen specific humoral immune
responses, and provide partial protection against challenge
with E. acervulina and E. tenella. The SO7 antigen was also
used as a candidate for the development of an anti-coccidial
DNA-based vaccine. E. tenella TA4 is located on the surface
of E. tenella sporozoites and is a target of the humoral
immune response of infected chickens. Two monoclonal
antibodies against TA4 inhibit the invasion of sporozoites in
cell culture, an indication that TA4 is involved in host cell
invasion and a potential target of protective immune
responses. The EtMIC2 antigen of E. fenella is secreted from
the host-parasite interface and is intimately involved in
host-cell invasion. More recently, immunization of chickens
in ovo with the EtMIC2 gene, or with recombinant protein
expressed from the EtMIC2 gene, was shown to reduce
oocyst output and prevent weight loss after challenge infec-
tion. These studies indicate that vaccines containing
microneme proteins can be successfully used to reduce
pathology caused by avian coccidiosis. Therefore, we will
evaluate the antibody and protective immune responses
against Eimeria of SO7, TA4 and EtMIC2 antigens deliv-
ered by using our newly developed technology.

Example 16

Complete Construction and Characterization of
RASYV Strains that Confer Biological Containment
and are Capable for Antigen Delivery and DNA
Vaccine Vector Delivery

General Materials and Methods
Bacterial strains, media and bacterial growth. RASV
strains are derived from S. Typhimurium strain UK-1. LB
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broth and agar are used as complex media for propagation
and plating of bacteria. Nutrient broth (Difco), which is
devoid of arabinose and mannose, and Neidhardt minimal
salts medium and agar will also be used. Bacterial growth is
monitored spectrophotometrically and/or by plating.

Molecular and genetic procedures. Methods for DNA
isolation, restriction enzyme digestion, DNA cloning and
use of PCR for construction and verification of vectors are
standard. DNA sequence analysis will be performed in the
DNA Sequence Laboratory in the School of Life Sciences.
All oligonucleotide and/or gene segment syntheses will be
done commercially. Stabilization of mRNA to prolong its
half-life will involve site-directed mutagenesis to “destroy”
RNase E cleavage sites. Phage P22HTint will be used to
transduce mutations of a selectable phenotype from one S.
Typhimurium strain into other strains. Conjugational transfer
of suicide vectors will be performed by standard methods.
Construction of RASV Strain (Strain A) for Antigen Deliv-
ery.

We have starting strain S. Typhimurium 11017 (AasdA::
TT araC Pz, 2 AmurA::TT araC Py, ,, murA A(gmd-fcl)
ArelA::araC Py, lacl TT Apmi AaraBAD). This strain has
the AasdA::TT araC Py, c2 and the AmurA::TT araC Py ,,,
murA deletion-insertion mutations both having the more
tightly regulated araC Pg,,, activator-promoter to display
the regulated lysis phenotype; the A(gmd-fcl) mutation and
the ArelA::araC Pz, lacI TT deletion-insertion mutation to
ensure that lysis occurs; the ArelA::araC Pg,,, lacl TT
deletion-insertion mutation to confer regulated delayed syn-
thesis of antigen to maximize in vivo antigen synthesis (FI1G.
4A); the Apmi mutation to provide a second means for
attenuation to enhance safety and the AaraBAD mutation to
prevent acid production from arabinose during growth and
delay the processes of regulated antigen synthesis and
regulated lysis. It should be noted that vaccine constructs are
designed to enable synthesis of protective antigens by the
Salmonella vaccine prior the onset of lysis. We will intro-
duce the AP, ,::P,, As.cosss hilA mutation that results in a
hyper-invasive phenotype (FIG. 4B) into %11017 to yield
strain A (AasdA::TT araC Pg,,, ¢2 AmurA::TT araC Py,
murA A(gmd-fcl) ArelA::araC Py, ,, lacl TT Apmi AaraBAD
AP, 0P, rsweosss NIA) for E. tenella SO7 antigen delivery.
Construction of RASV Strain (Strain B) for DNA Vaccine
Delivery.

As with the antigen delivery system, we will systemati-
cally make constructs for DNA vaccine delivery. The S.
Typhimurium strain B will have same genotype as strain A
except the additional mutations described as following:

(1). Eliminate the periplasmic endonuclease I enzyme. We
will include a AendA mutation which eliminates the peri-
plasmic endonuclease I enzyme to increase plasmid survival
upon its release into the host cell;

(2). Allow Salmonella to escape from the endosome. A
AsifA mutation that enhances the ability of S. Typhimurium
to exit the endosome will augment the desired immune
response. However this mutation will lead to hyper-attenu-
ation of the vaccine strain. We will thus include a AP, TT
araC Pz, sifA deletion-insertion mutation (FIG. 7) to
enable a regulated delayed release of Sa/monella from the
endosome after the vaccine has colonized multiple lymphoid
tissues (Bursa, GALT, liver and spleen) to a high level;

(3). Reduce cytotoxicity. We will include Assel. and
Atlp A mutations that reduce Sa/monella-induced pyroptosis/
apoptosis to allow Salmonella-infected cells to synthesize
antigen directed by DNA vaccines, meanwhile to prevent the
suppression of innate immune responses by bacterial infec-
tion.
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Therefore, the strain B genotype will be: (AasdA::TT araC
Prin €2 AP, . -5 TT araC Py, murA A(gmd-fcl) ArelA::
araC Pg, ., lacl TT Apmi AaraBAD AP,,,; P, asscosss NI1A
AendA AP, TT,, .o Pg,p sifA Assel AtlpA).

If necessary, we will also test other means to reduce/delay
pyroptosis/apoptosis such as determining whether using a
strain with total absence of flagella (deletion of f]jB and fliC
genes to eliminate the synthesis of flagellin) enhances DNA
vaccine efficacy.

Strain Characterization.

We include multiple gene modifications in our strains. We
take exquisite care in strain construction and do complete
biochemical and genetic characterizations after every step in
strain construction for stability of plasmid maintenance,
integrity and antigen synthesis ability when strains are
grown in the presence of arabinose and/or DAP over a 50
generation period. Moreover, we run an LPS gel to make
sure we do not select rough variants. Our multiple mutant
strains therefore grow at almost the same rate and to the
same density as our wild-type parental strains when grown
under permissive conditions. With many regulated func-
tions, it is critical that strains commence to synthesize
antigens and often deliver them prior to cell lysis to deliver
a DNA vaccine. We have been using strains synthesizing
PP p-galactosidase and/or GFP to monitor these events and
have antibodies against protective antigens that can be used
in western blot analyses on the timing of antigen synthesis
when strains are deprived of arabinose. So far, antigen
synthesis commences several divisions before lysis com-
mences. We can, however, alter =35 and —-10 RNA poly-
merase recognition and binding sites, SD sequences, and
start codons to modulate up or down expression of genes for
regulatory proteins or those to sustain cell integrity. We also
evaluate vaccine strain stability, due to possible recombina-
tional events, and to date have detected no problems. Motil-
ity tests and use of specific antisera for given flagellar
antigens are used to reveal presence or absence of flagella.
Presence of fimbrial adhesins will be assayed using agglu-
tination of yeast and red blood cells in the presence and
absence of mannose as a function of growth conditions,
Congo red binding assays and by transmission electron
microscopy (TEM) using negative staining with phospho-
tungstic acid. Metabolic attributes of candidate vaccine
strains will be evaluated using API-20E tests.

Example 17

Complete Construction and Characterization of
Plasmids to Specify the Regulated Delayed Lysis
Phenotype and the E. ternella SO7 Antigen, to
Specify the Regulated Delayed Lysis Phenotype as
DNA Vaccines Encoding SO7, TA4 and EtMIC2
Antigens, Respectively

Construction and Characterization of Lysis Vector to Specify
Synthesis of the E. Tenella SO7 Antigen in Salmonella Prior
to Lysis.

The S. Byphimurium strain A as constructed above is ready
to receive a regulated delayed lysis vector specifying syn-
thesis of a protective antigen encoded by genetic informa-
tion from Eimeria. The cDNA sequence of the E. tenella
gene SO7 (EMBL accession number X15898) will be
obtained from plasmid pYA4184 bp polymerase chain reac-
tion (PCR). This amplification will yield a PCR fragment
spanning the coding region without the nucleic acids coding
for the N-terminal signal peptide. The codons of SO7
antigen gene will be optimized so that all codons are those
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used by Sal/monella for highly expressed genes. The codon
optimized SO7 gene will be inserted into plasmid pYA3681
or into any of the plasmids obtained by modifying the copy
number (pYA4589, pYA4594, and pYA4595) (FIGS. 21A,
B, and C) or by changing the Shine-Dalgarno sequence
(pYA4763) (FIG. 21D) so that SO7 antigen synthesis is
controlled by the P, promoter that is repressed by the Lacl
repressor synthesized by bacterial strains with the chromo-
somal ArelA::araC P, ,, lacI TT insertion when grown with
arabinose (FIG. 15A). Plasmid constructs will be verified by
DNA sequencing. The ability to specify synthesis of proteins
will be evaluated using gel electrophoresis and western blot
analyses dependent on growth with or without arabinose (or
by addition of IPTG).

Construction and Characterization of Lysis Vector to Func-
tion as DNA Vaccines Encoding E. tenella SO7, TA4 or
EtMIC2 Antigen.

The cDNA sequence of the E. tenella gene SO7 (EMBL
accession number X15898) will be obtained from plasmid
pYA4184 bp PCR. The cDNA sequence of the E. tenella
genes TA4 (EMBL accession number M21004) and EtMIC2
(GenBank accession number AF111839) will be obtained by
PCR of reverse transcribed E. tenella-RNA. These amplifi-
cations yielded PCR fragments with Kozak translation ini-
tiation sequence and spanning the coding region of E. tenella
genes SO7, TA4 and EtMIC2, respectively, without the
nucleic acids coding for the N-terminal signal peptide. These
fragments encoding SO7, TA4 and EtMIC2 antigen will be
inserted into the improved DNA vaccine vector pYA4545
(FIG. 13), respectively. All DNA vaccine constructs (FIG.
15B, C and D) will be sequenced and copy numbers deter-
mined. The expression of each antigen in pYA4545 will be
tested using EGFP fusions in cell lines. We will introduce
pYA4545 constructs into the S. Typhimurium host strain B to
evaluate our regulated delayed lysis system for DNA vac-
cine delivery against Eimeria.

Characterization of Experimental Vaccine Strains.

RASYV strains will be fully characterized before immuni-
zation studies. All RASV strains will be evaluated for
plasmid stability when strains are grown in the presence of
arabinose and/or DAP over a 50 generation period and the
number of cell doublings to commence recombinant antigen
synthesis and assembly before onset of lysis when deprived
of arabinose. We will monitor timing to commence lysis and
verify that it is complete to yield no survivors. With many
regulated functions, it is critical that strains commence to
synthesize antigens prior to cell lysis. We will use strains
synthesizing b-galactosidase or GFP to monitor release of
antigen through lysis and will have specific serum for inserts
that are used in western blot analyses to monitor the timing
of antigen synthesis when strains are deprived of arabinose.
The cell lysis, the hyper-invasive phenotype, the ability of
Salmonella endosome escape and the reduced cytotoxicity
of RASV strains will be tested using multiple cell lines. The
ability of vaccine strains to attach to, invade into and survive
in various macrophage and epithelial cell lines will be
quantitated by well established methods that we have used
routinely including use of primary chicken fibroblast cell
lines. Nomarski interference and phase contrast microscopy
are also used to make sure that vaccine strains with multiple
genetic changes look healthy, an attribute necessary for
invading cells in culture and colonizing lymphoid tissues in
the immunized chicken.

Expected Outcomes.

RASYV strain A harboring pYA3681 constructs will be
hyper-invasive, exhibit regulated delayed attenuation, regu-
lated delayed antigen synthesis and regulated delayed lysis
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to release antigen and to confer biological containment. In
addition of these characters, RASV strain B harboring
pYA4545 constructs will also exhibit reduced Salmonella-
induced pyroptosis/apoptosis and have the ability to escape
from the endosome of host cells to efficiently deliver
improved DNA vaccine vectors.

Possible Alternatives.

The timing of Salmonella cell lysis to release synthesized
antigen is critical for inducing desired immune responses.
We have now constructed the regulated lysis vector
pYA3681 derivatives, pYA4595, pYA4589 and pYA4594
with pSC101 ori, pl5A ori and pUC ori, such that we can
better vary the timing of lysis in vivo for release of a bolus
of antigen. We will determine the levels and duration of
vaccine strain persistence and the efficiency of SO7 antigen
delivery. For DNA vaccine delivery, if the high copy number
pYA4545 constructs are unstable in Salmonella strain B
during infection, lower copy number plasmids of pYA4545
derivatives pYAS5123 (pBR ori), pYAS5124 (p15A ori), and
pYAS125 (pSC101 ori) (FIGS. 22A, B, and C) have been
constructed to overcome the problem; the precursor TA4
antigen synthesized after initiation of oocyst sporulation will
be processed into a mature form. The TA4 antigen is
composed of a 17 kDa (amino acid 24-181) subunit and an
8 kDa (amino acid 185-253) subunit, linked by a disulfide
bond. If the full length of precursor synthesized by specified
DNA vaccine vector sequences does not induce good
immune response because of lacking post-translation modi-
fication, we will investigate whether insertion of the
sequences encoding the TA4 antigen 17 kDa subunit and 8
kDa subunit with an internal ribosome entry site (IRES) in
between will give better results. If any of the constructs
induce immune responses, especially cellular immune
responses, that are superior to the original host-vector con-
structs, we will conduct immunization-challenge studies.

Example 18

Evaluate the Abilities of the Different RASV
Strains to Colonize Lymphoid Tissues in Chickens
and Exhibit Biological Containment Attributes, to

Induce Mucosal, Systemic and Cellular Immune

Responses to Eimeria Antigens, and to Induce

Protective Immunity to Eimeria Oocytes Challenge

Evaluate the Abilities of RASV Strains to Colonize Lym-
phoid Tissues in Chickens and Exhibit Biological Contain-
ment Attributes.

After full in vitro characterization of the bacterial host
strains and recombinant vectors, we will examine the ability
of each recombinant host-vector combination to colonize
intestinal epithelial cells, the bursa, and spleen. White leg-
horn chicks will be hatched in our animal facility from fertile
eggs obtained from SPAFAS (Voluntown, Conn.). All birds
will be housed in Horsefall units under ABSL-2 containment
for vaccination. For infection of chicks, bacterial strains will
be grown as standing overnight cultures and then diluted
into pre-warmed LB with 0.1% arabinose and 0.5% man-
nose broth and grown with mild aeration on a rotary shaker,
generally to an OD, of about 0.8. Cells will be sedimented
by centrifugation and suspended in buffered saline with
gelatin (BSG). Day-of hatch chicks will be orally immu-
nized with 10° CFU dose using a micropipette and food and
water provided 30 min after immunization. A booster immu-
nization will be given seven days later (in chicks deprived of
food and water for 6 hours prior to immunization). We will
determine the CFU recoverable per gram of tissue for each
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tissue and time, and will add mannose, arabinose and DAP
to the recovery media to facilitate recovery of damaged
cells. We do this for three chicks per vaccine strain at 3, 7,
11 and 18 days after immunization. These studies will also
reveal the time for commencement of cell lysis of RASVs.
Evaluate the Abilities of RASV Strains to Induce Mucosal,
Systemic and Cellular Immunities to Eimeria Antigens.

The RASV strain A harboring pYA3681 specitying SO7
and the RASV strain B harboring pYA4545 encoding SO7,
TA4 or EtMIC2, that are deemed to have satisfactory
performance criteria as described above, will be analyzed for
capacity to elicit appropriate immune responses to the
respective Eimeria antigens. The growth of strains and the
primary immunization will be as described above, and then
boosted with the same dose at 1 week.
Antigen Preparation

We have or make purified His-tagged proteins from
recombinant E. coli %7385 for all antigens specified by
RASVs. %7385 has been engineered to avoid potential
contamination of proteins by elimination of all appendage
proteins and LPS O-antigen. Sa/monella LPS O-antigen will
be obtained commercially but we are now puritying LPS
core and O-antigen components to also use in ELISAs. We
have prepared an S. Typhimurium outer membrane protein
(SOMP) fraction from 9424 that has been engineered to be
unable to produce flagella, all in vitro-expressed pilus anti-
gens, and LPS O-antigen and a heat killed extract of the
wild-type S. Byphimurium UK-1 strain ¥3761. These anti-
gens will be used as controls in western blots as well as for
immunoassays as described below.
ELISA

Sera taken by wing vein bleeding at 3, 4 and 5 weeks after
the boost will be tested by ELISA for SO7, TA4 or EtMIC2,
as well as LPS and OMP specific IgG. In initial studies, sera
will be pooled from all chicks in a group but in later studies
with successful constructs, antibody titers will be monitored
in individuals. We will employ a doubling dilution method
with the end point titer being the dilution giving an OD,;,
three times that for the reagent or unimmunized animal
control. These methods have been described in previous
manuscripts.
Delayed-Type Hypersensitivity (DTP) Reactions

DTH reactions will be determined in order to detect
relevant cell-mediated immune responses. Purified E.
tenella His-tagged antigens or Salmonella outer membrane
proteins will be appropriately diluted in PBS and injected
into the left wattle of the chicken. The right wattle will be
injected with a similar amount of PBS and will serve as a
control. Wattle swelling in response to injections, indicating
a DTH response, will be determined by measuring the wattle
thickness with a dial-metric caliper at 24, 48, and 72 hours
post-injection. We have previously used a toe web assay for
DTH in chickens as well.
Preparation of Lymphocytes

Three chickens from each group of non-immunized and
immunized birds will be humanely euthanized at 7 and 28
days after the boost immunization to collected splenocytes.
Splenic lymphocytes will be separated with a Ficoll-Hy-
paque density gradient. We will separate the lymphocytes
into different populations by passing the cells through nylon
wool columns. Unbound T cells and macrophages will be
resuspended in RPMI 1640 with 10% chicken serum and
incubated in tissue culture flasks for 3 h. After 3 h, the
nonadherent T cells will be collected.
CTL Assays

CTL activity will be measured by the CytoTox96 nonra-
dioactive cytotoxicity assay (Promega), which detects the
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stable cytosolic enzyme lactate dehydrogenase (LDH) when
it is released from lysed cells. The assay will be performed
as instructed by the manufacturer. Briefly, the primary
chicken kidney cells, which served as the target cells, will be
transfected with a Sindbis virus vector, expressing suitable
antigen. Various amounts of effector T cells will be used
immediately in the CTL assay. The remaining cells will be
re-stimulated with the appropriate antigen for five to seven
days prior to use in the CTL assay. Specific lysis of target
cells by CTLs will be calculated according to the following
formula: (LDH in the mixture of target and effector cells—
LDH spontaneously released from target cells and effector
cells/total LDH of target cells—LLDH spontaneously released
from target cells)x100. All assays will be performed in a
quadruplicate set of wells.

Statistical Analysis:

All results will be analyzed using Duncans multi-range
test from the SAS program to compare vaccine and control
groups for statistical differences.

The constructs that show superior immune responses,
especially cellular immune responses, will be used to con-
duct immunization-challenge studies.

Immunization and Challenge Studies

(1). Titration of Eimeria oocysts. E. acervulina (Strain
APU #12) and E. tenella (Strain WR-1) oocysts, that have
been passaged in the lab for over 3 years and still retain
fecundity and pathogenicity, will be propagated by fecal
harvest from chickens infected with the respective strains.
The oocysts will be purified by sucrose gradient centrifu-
gation and suspended in sterilized water using standard
procedures. Before an actual experimental challenge, the
small-scale experiments will be performed on the batch of
oocysts to be used. In general, groups of chickens will be
inoculated with 3x10°, 4x10° and 5x10° oocysts and then
weight gain measured and intestinal lesions scored six days
later. Data will be compared to those obtained from the
non-infected controls. The purpose of this titration experi-
ment is to ensure that the challenge dose will be high enough
to depress weight gain by about 20% (typical weight loss
observed under field conditions) and yet not too high to
overwhelm immunity. The chickens in the experimental
vaccine trial will then be challenged with an adequate dose
in 1 ml water as determined by the titration trial using the
same batch of oocysts.

Evaluate the Abilities of RASV Strains to Induce Protective
Immunity to Eimeria Oocyst Challenge.

Three Eimeria oocyst challenge studies will be performed
at the USDA/ARS Laboratories, Beltsville (Table 1). The
chickens (Sexsal breed) will be purchased from the Hyline
Hatchery in Pennsylvania. The advantage of this breed is
that chicks can be sexed at hatch. For these experiments
1-day-old male chickens will be assigned randomly to
appropriate groups with 21 chickens per group in Petersime
starter chick cages and inoculated orally with 10° CFU of
RASYV strains in 50 ml BSG. The second dose of RASV
strains will be administered 1 week later. To measure pro-
tection against Eimeria oocyst challenge, body weight gain,
feed conversion efficiency, and intestinal lesion will be
recorded 1 week after Eimeria challenge (peak clinical
signs). Serum from individual chickens will be tested by
ELISA for antibodies to recombinant Eimeria, native Eime-
ria, and Salmonella surface antigens before and after chal-
lenge using standard procedures for recombinant and native
proteins. A number of studies have found cross-reactivity of
Eimeria antigens SO7, EtMIC2, and TA4 between different
Eimeria species. Induction of cross-immunity by a single
Eimeria antigen is highly desirable because it reduces the
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number of antigens required in a vaccine. Similar to live
oocyst vaccines, which are a mixture of at least 3 Eimeria
species, any recombinant vaccine would need to be cross-
protective against . acervulina, E. maxima, and E. tenella
(the three major field species). Therefore, we will test RASV
delivery of the E. tenella SO7 antigen to induce cross-
protective immunity to E. acervulina oocyst challenge.

TABLE 1

Summary of vaccine strains and immunization-challenge plan

Vaccine strains
and doses (CFU)
of immunization

Eimeria species
and oocyst doses
of challenge

Vaccine strains
and doses of

Trials at day 1 boost at day 7  at 4 weeks
Trial G*1  BSG, 50 pl BSG, 50 pl H,0, 1 ml
1 G2 strain A strain B E. tenella, 10°
(PYA3681*%), (pYA4545),
10° 10°
G 3  strain A strain A E. tenella, 10°
(PYA3681- (pYA3681-
SO7), 10° SO7), 10°
G4  strain B strain B E. tenella, 10°
(pYA4545- (pYA4545-
SO7), 10° SO7), 10°
G35 strain A strain B E. tenella, 10°
(PYA3681- (pYA4545-
SO7), 10° SO7), 10°
G 6  strain B strain A E. tenella, 10°
(pYA4545- (pYA3681-
SO7), 10° SO7), 10°
Trial 2: groups, immunization and boost E. acervulina,
will be same with Trial 1 10°
Trial G1 BSG,50pl BSG, 50 pl H,0, 1 ml
3 G2 strain A strain B E. tenella, 10°
(PYA3681*%), (pYA4545),
10° 10°
G 3  strain A strain B E. tenella, 10°
(PYA3681- (pYA4545-
SO7), 10° TA4), 10°
G4  strain A strain B E. tenella, 10°
(PYA3681- (pYA4545-
SO7), 10° EtMIC2), 10°
G35  strain B strain B E. tenella, 10°
(pYA4545- (pYA4545-
SO7), 10° TA4), 10°
G 6  strain B strain B E. tenella, 10°
(pYA4545- (pYA4545-
SO7), 10° EtMIC2), 10°
*Group,

**pYA3681 (or derivative)

Trial 1: Evaluating the ability of the RASV strain A
harboring pYA3681 (or derivative) expressing E. tenella
SO7 antigen and the RASV strain B harboring pYA4545
encoding E. tenella SO7 antigen to induce protective immu-
nity to E. tenella oocyst challenge. The experimental groups
and immunization-challenge experiment will be performed
as indicated in Table 1. Three weeks after boost (when the
animals are 4 weeks old), the chickens in groups G2 to G6
will be orally challenged with 10° E. tenella oocysts.

Trial 2: Evaluating the ability of the RASV strain A
harboring pYA3681 (or derivative) and the RASV strain B
harboring pYA4545 encoding E. tenella SO7 antigen to
induce cross-protective immunity to E. acervulina oocyst
challenge. The immunization groups, primary immunization
and boost protocol will be same with Trial 1 (Table 1). Three
weeks after boost (when the animals are 4 weeks old), the
chickens in groups G2 to G6 will be orally challenged with
10° E. acervulina oocysts.

Trial 3: Evaluating the ability of the RASV strain A
harboring pYA3681 (or derivative) and the RASV strain B
harboring pYA4545 specifying E. tenella SO7 antigen in
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combination with other E. fenella antigens (TA4, EtMIC2)
to induce protective immunity to E. tenella oocyst challenge.
The experimental groups and immunization-challenge
experiment will be performed as indicated in Table 1. Three
weeks after boost (when the animals are 4 weeks old), the
chickens in groups G2 to G6 will be orally challenged with
10° E. tenella oocysts.

Statistical Analysis.

All results will be analyzed using Duncans multi-range
test from the SAS program to compare vaccine and control
groups for statistical differences. A power analysis was
conducted using typical data from a recent study in which
mean and standard error of weight gain in the non-Eimeria
challenge control group (mean of 3 sub-groups containing 7
chickens/subgroup) was equal to 450+30 grams, and mean
and standard error of Eimeria challenge control group was
equal to 360+30 grams. Please note that standard error
varied between 10-30 grams, but 30 grams was used in the
power analysis as the worst case scenario. The hypothesis
being tested was as follows—Is there sufficient
power (>80%) to show a significant difference (P<0.05)
between vaccinated-Eimeria challenged and non-vacci-
nated, Eimeria challenged controls using the proposed
experimental design (6 groups, 3 sub-groups per treatment,
7 chickens per subgroup) assuming that a 90 gram weight
loss difference is relevant. The power analysis showed that
ANOVA (Duncan’s mult-range test) will detect a significant
difference between the challenged control and all other
treatment groups (a difference of 90 grams) with 85% power.
Thus, the experimental design consisting of 6 groups, 3
sub-groups per treatment, 7 chickens per subgroup has
sufficient power to distinguish a significant difference
between non-vaccinated and vaccinated Eimeria-challenged
groups.

Expected Outcomes

These studies will provide essential information on the
abilities of RASV strains to deliver Eimeria protective
antigen and DNA vaccines encoding Eimeria antigens to
induce mucosal, systemic, cellular immunities to Eimeria
antigens and protective immunity to Eimeria oocyst chal-
lenge, leading to finalize the vaccine strains that are able to
prevent Eimeria infection of poultry.

Example 19

Construct and Characterize Salmonella pYA4545
DNA Vaccine Vector Derivatives Encoding
Influenza HA (and NA)

We have constructed the RASV lysis strains %9354
(AasdA::TT araC Pg,, c2 AP, .. /TT araC Pg,, murA
AaraBAD AaraE ArelA A(gmd-fcl) AendA AsifA), 11212
(%9354 with AtlpA mutation), % 11213 (%9354 with Assel.
mutation), %11214 (¢9354 with AP, ,::P,... 1.0 hilA muta-
tion), % 11215 (%9354 with AtlpA and Assel. mutations),
11216 (9354 with AtlpA and AP, , ,::P,,.. x;..0 MilA muta-
tions), ¥ 11217 (9354 with AsselL and AP,,, ,::P,... asue0 DilA
mutations) and 11218 (¥9354 with AtlpA, Assel. and
AP, P, araeo hilA mutations).

An improved DNA vaccine vector pYA4859 (pYA4545
expressing HA of influenza A/WSN/33 virus) delivering by
11213, 11214, %11215, 11216, 11217 and %11218 that
induced high serum IgG responses to WSN HA in mice after
oral immunization in comparison with those IgG responses
induced by %9354(pYA4859) (FIG. 16) and protected immu-
nized mice from challenge with 100 LD, of rWSN virus
(FIG. 17, FIG. 18 and FIG. 19).
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We will construct a DNA vaccine co-expressing both HA
and NA to compare its immunogenicity and protective
efficacy with that expressing HA alone. To achieve high-
level expression of HA, a codon-optimized cDNA sequence
of the influenza A/WSN/33 HA gene was synthesized for 5
maximized expression in mammalian cells, with Kozak
translation initiation sequence and inserted into pYA4545 to
yield DNA vaccine pYA4545 HA.

To construct a DNA vaccine co-expressing HA and NA,
a synthesized codon-optimized cDNA sequence (with
Kozak sequence) of mouse-adapted influenza strain B/Ann
Arbor/4/55 NA genes preceded by an internal ribosome
entry site (IRES) of the encephalomyocarditis virus will be
inserted into pYA4545 HA. This will yield DNA vaccine
vector pYA4545 HA-IRES-NA. We will introduce pYA4545
HA and pYA4545 HA-IRES-NA into RASV lysis strains
with AsifA26, AP, P, amcosss DA, AtlpAl181 or/and
Assel.116 mutations, respectively, to evaluate the efficacy of
DNA vaccine delivery in mice.

We will evaluate the effect on immune response and
protection in mice from the lethal effect of influenza
A/WSN/33 (for RASV lysis strain specifying pYA4545 HA)
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highly expressed human genes. Further modifications will
then be made to mutate the Tyr residue of the conserved
tyrosine-based endocytosis motif in the cytoplasmic domain
of Env to enhance surface display. In addition, the less
efficient endogenous HIV leader sequence will be replaced
by an optimal consensus sequence for the initiation of
translation (GCCACCAUGG).

On the other hand, we will remove a possible residual
RRE sequence previously identified in the gag-coding
region to allow high-level Rev-independent gag expression.
The sequence-modified env and gag genes will be inserted
into pYA4545 as two independent genes regulated by the
PCMYV promoter and an internal ribosome entry site (IRES)
of the encephalomyocarditis virus, respectively.

The pYA4545 vector encoding the optimized HIV-1
Clade B env and gag sequences is diagrammed in FIG. 20.
The pYA4545 vector possesses 24 CpG sequences interact-
ing with TLR9 in various animal species but no GACGTT
sequence that is optimal for immune enhancement by inter-
action with TLR9 in mice. Although it is doubtful that
addition of ODNs with optimal CpG sequences for mice will
further augment immunity, we will test this possibility.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 1
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 74

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: salmonella

<400> SEQUENCE: 1

ggggacttte cggggacttt cctecccacyg cgggggactt tecgecacgg geggggactt

tceeggggact ttec
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or influenza A/WSN/33 and B/Ann Arbor/4/55 (for RASV 40
lysis strain harboring pYA4545 HA-IRES-NA). Fusion of
the sequence encoding SopE2 to the C-terminal end of the
HA (or NA) encoding sequence represents another possible
improvement since the SopE2 protein is rapidly ubiquinated
to facilitate protein trafficking to the proteosome for efficient
class I presentation. We will test this prediction.
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Example 20

50

Design and Construct an Optimized DNA Vaccine

Encoding the HIV-1 Env and Gag Proteins with
and without Added CpG Motifs for Interaction with
TLRY in the DNA Vaccine

55
The expression of both the HIV-1 env and gag genes
depends on the presence of the vital Rev protein. This
dependence is, at least in part, due to the presence of
negatively acting Rev-responsive element (RRE) sequences
located within unspliced and partially spliced mRNAs. Rev
shuttles between the nucleus and the cytoplasm and pro-
motes the export of the subset of RRE-containing mRNAs.
Rev-RRE interaction also results in increased stabilities of
these mRNAs and their efficient polysomal loading. To
achieve high-level Rev-independent expression of the env
and gag genes in DNA vaccine vector pYA4545, the codon
usage pattern will be first altered to conform to that used by
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What is claimed is:

1. A recombinant Sa/monella bacterium, wherein the

bacterium comprises:

(a) a mutation selected from the group consisting of a
AP, 5P, nsweo DilA mutation and a AP, ,::P,,,, hilA
mutation, wherein the AP, , ,::P, ., hilA mutation com-
prises a mutation in the hilA promoter that reduces
nucleoid-associated protein H-NS binding,

(b) a AtlpA mutation and a AsselL mutation and, optionally
at least one mutation selected from the group consisting
of an ampG mutation, an ampD mutation, and a nagE
mutation, and

(c) at least one mutation selected from the group consist-
ing of a tlyC mutation, a pld mutation, a AsifA mutation
and a AP .,::TT araC Py, sifA mutation.

2. The recombinant Sal/monella bacterium of claim 1,

wherein the bacterium lacks expression of sifA.

3. A recombinant Salmonella bacterium, wherein the

bacterium is:

(a) capable of regulated delayed attenuation,

(b) capable of regulated delayed lysis, characterized by a
AP,,....:TT araC Pz, murA mutation and a AasdA::
TT araC P, c2 mutation,

(c) capable of escape from a host endosomal compart-
ment, characterized by at least one mutation selected
from the group consisting of a tlyC mutation and a pld
mutation,
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(d) capable of hyper-invasion, characterized by hilA oper-

ably linked to a constitutive promoter, and

(e) capable of reducing bacterium-induced host pro-

grammed cell death, characterized by a AtlpA mutation
and a Assel. mutation and, optionally, at least one
mutation selected from the group consisting of an
ampG mutation, an ampD mutation, and a nagE muta-
tion.

4. The recombinant Salmonella bacterium of claim 3,
wherein the programmed cell death is pyroptosis or apop-
tosis.

5. The recombinant Salmonella bacterium of claim 3,
wherein the bacterium further comprises a DNA vaccine
encoding a protective antigen.

6. The recombinant Salmonella bacterium of claim 5,
wherein the DNA vaccine comprises a nucleic acid sequence
encoding one or more bacterial, viral, protozoan, or fungal
antigens.

7. The recombinant Salmonella bacterium of claim 5,
wherein the DNA vaccine comprises a nucleic acid sequence
encoding one or more influenza antigens.

8. The recombinant Salmonella bacterium of claim 3,
wherein the bacterium further comprises a single vector for
the production of influenza virus.

9. The recombinant Salmonella bacterium of claim 3,
wherein the bacterium escapes from the host endosomal
compartment before undergoing regulated lysis.

10. The recombinant Salmonella bacterium of claim 5,
wherein the DNA vaccine comprises a repeated DNA
nuclear targeting sequence and a nuclease resistant polyade-
nylation encoding sequence.

11. The recombinant Sa/monella bacterium of claim 10,
wherein the DNA vaccine comprises an artificial NF-kB
recognition sequence and or an artificial AP-2 recognition
sequence.

12. The recombinant Salmonella bacterium of claim 5,
wherein the DNA vaccine comprises the vector pYA4545.

13. The recombinant Salmonella bacterium of claim 5,
wherein the DNA vaccine comprises an influenza HA anti-
gen-SopE C-terminal fusion.

14. The recombinant Salmonella bacterium of claim 3,
wherein the bacterium further comprises the vector
pYA3681.

15. The recombinant Salmonella bacterium of claim 1,
wherein the bacterium comprises a AampG mutation, a
AampD mutation, or a AnagE mutation.

16. The recombinant Salmonella bacterium of claim 10,
wherein the nuclease resistant polyadenylation sequence is
derived from a DNA virus capable of replicating in a
eukaryote.
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17. A recombinant Sal/monella bacterium, wherein the
bacterium is:

(a) capable of regulated delayed attenuation,

(b) capable of regulated delayed lysis, characterized by

AP,,....:TT araC Pz, murA mutation and a AasdA::
TT araC P, c2 mutation,

(c) capable of escape from a host endosomal compart-
ment, characterized by at least one mutation selected
from the group consisting of a tlyC mutation, a pld
mutation, a AsifA mutation and AP,.::TT araC Py,
sifA mutation,

(d) capable of hyper-invasion, characterized by hil A oper-
ably linked to a constitutive promoter, and

(e) capable of reducing bacterium-induced host pro-
grammed cell death, characterized by a AtlpA mutation
and a Assel. mutation and, optionally, a mutation
selected from the group consisting of an ampG muta-
tion, an ampD mutation, and a nagE mutation.

18. The recombinant Sa/monella bacterium of claim 3,
wherein the hilA operably linked to a constitutive promoter
is selected from the group consisting of AP,,; ,::P,, .00 hilA
and AP, P, hilA mutation, wherein the AP, ,::P,..,
hilA mutation comprises a mutation in the hilA promoter
that reduces nucleoid-associated protein H-NS binding.

19. The recombinant Salmonella bacterium of claim 17,
wherein the hilA operably linked to a constitutive promoter
is selected from the group consisting of a AP, P, Asuco
hilA mutation and a AP, ,::P,,,, hilA mutation, wherein the
AP, ,::P,., . hilA mutation comprises a mutation in the hilA
promoter that reduces nucleoid-associated protein H-NS
binding.

20. A recombinant Salmonella bacterium, wherein the
bacterium is:

(a) capable of regulated delayed attenuation,

(b) capable of regulated delayed lysis, characterized by a

AP,,....:TT araC Pz, murA mutation and a AasdA::
TT araC P, c2 mutation,

(c) capable of escape from a host endosomal compart-
ment, characterized by at least one mutation selected
from the group consisting of a tlyC mutation, a pld
mutation, a AsifA mutation and AP, TT araC P,
sifA mutation, and

(d) capable of reducing bacterium-induced host pro-
grammed cell death, characterized by a AtlpA mutation
and a Assel. mutation and, optionally, a mutation
selected from the group consisting of an ampG muta-
tion, an ampG mutation, and a nagE mutation.

21. A vaccine, the vaccine comprising the recombinant

Salmonella bacterium of claim 20.

#* #* #* #* #*



